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Summary

Offshore wind energy is expected to play a major role in the upcoming energy transition. For long
distances to shore, it is preferable to connect the wind farms to land by means of High-Voltage DC
(HVDC) cables to reduce losses and costs. This currently poses challenges, as wind turbine generators
produce variable-frequency low-voltage AC power, which needs to be converted to HVYDC with heavy
transformers in the wind turbine nacelle and large offshore substations. One proposed solution is to
develop integrated drives which produce HVDC directly inside the nacelle, by segmenting the stator
of a direct-drive generator. Each segment has its own dedicated Power Electronic (PE) converter, of
which the DC output is connected in series.

This thesis studies one of the challenges of this Modular HYDC generator concept: the segmented
stator generates additional vibrations in the structure, and will respond differently to the occurring forces
than a stator without segmentation. The goal is to design a concept for the structure that holds the seg-
ments in place, while still allow individual modules to be replaced after failure.

As a first step, the machine design is updated taking into account saturation and design limits which
were neglected in previous studies. For a 10 MW Direct-Drive generator with an output DC-link volt-
age of 100 kV, a 10 m diameter inner-rotor Permanent Magnet Synchronous Generator (PMSG) with
Fractional-Slot Concentrated Windings (FSCW) is designed. It has 384 slots and 320 poles, and the
stator is split in 16 segments. The design is verified with Finite-Element simulations in COMSOL.

Secondly, the electromagnetic effects of the flux barriers created by the insulated gaps between
the segments are analyzed analytically and numerically. The analytical model of the magnetic fields
and forces agrees well with the numerical simulations in COMSOL. The FSCW result in a broad spec-
trum of vibrations, including a strong slot harmonic caused by the open slots. Segmentation of the
stator has two important consequences: the addition of radial harmonics with a low spatial order at
multiples of the number of segments, called the segment harmonics, and an increase in the cogging
torque. These effects are more pronounced in the numerical simulations than in the analytical model,
due to the change of the magnetic flux distribution in the segmented stator, which is neglected in the
analytical calculations. Furthermore, time harmonics in the current due to the PE converters are found
to significantly increase the breathing mode and torque ripple.

Thirdly, the mechanical response of two different design concepts has been analyzed by performing
a modal analysis. The first design uses an interference fit, where the segments are pressed into the
frame and held in position by friction. This design behaves similarly to a ring-shaped frame, and has
the same eigenmodes at similar eigenfrequencies. The second design uses beams between the frame
and stator to support the segments. In this case, the stiffness and structural integrity of the design is
significantly reduced, leading to larger deflections and lower eigenfrequencies.

Combining the obtained forces and eigenmodes, it is concluded that the breathing mode, the seg-
ment harmonics and the slot harmonics cause the strongest vibrations. The amplitude of the forces
causing the first two is low, but the mechanical stiffness of these modes is low and the excitation fre-
quency is close to the eigenfrequency. The slot harmonic is mainly important due to the low spatial
order and large amplitude of the force, caused by the combination of concentrated windings and open
slots. The PE converter harmonics will not lead to a stronger breathing mode vibration due to the high
switching frequency of the converters, but could create resonance of the slot harmonic.

Based on these results, both designs were found to be feasible from an electromechanical perspec-
tive, as long as care is taken to mitigate the vibrations caused by the segment harmonics, and reso-
nance of the PE converter harmonics is prevented. Due to the uncertainty of the mechanical model,
experimental validation of the eigenfrequencies and the vibration levels is recommended, which can
be done by using modal analysis.
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Introduction

In the coming decades, a rapid energy transition is needed to limit the effects of anthropogenic climate
change. In order to approach the targets set by the Paris Agreement, the capacity of low-emission
energy sources needs to increase more than tenfold by 2030 [39]. Offshore wind energy is expected to
play a key role in this transition, with the International Energy Agency (IEA) predicting the EU capacity
to increase from 18 GW in 2018 to 80 GW in 2030 [38]. Even higher ambitions have been put forward
following the 2021-2022 energy crisis, with an important role for offshore energy in the North Sea [81].

With wind farms moving further away from shore, the transmission costs are becoming a significant
part of the total offshore energy costs, potentially over 20% of the upfront capital costs [38]. High-
Voltage DC (HVDC) transmission cables offer a potential for cost reduction, but this requires high-
power substations collecting and converting the variable AC output of the wind turbines to HVDC before
transmission, as shown in Figure 1.1 [25]. Improving the transmission infrastructure of offshore wind
energy is one of the key technological innovation requirements that is identified by the IEA.

Inside
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Figure 1.1: The layout of an offshore wind farm, connected to shore with a HVDC cable. The components that could be
eliminated with a HVYDC generator are shown in red [25].

The envisioned goal of the Modular HVDC generator project is to simplify the offshore transmission
system by using a segmented generator with integrated power converters. By connecting the DC
output of each module in series, the generator is capable of producing HVDC within the wind turbine
nacelle. This eliminates the need of a transformer inside the wind turbine, and possibly the need of a
large offshore substation, as shown in Figure 1.1 as well [30, 52]. This could improve the reliability and
efficiency of the offshore wind energy system, and thus reduce its cost.

To be able to connect the DC output of each module in series, the stator segments need to be
insulated from each other. This influences the electromagnetic fields inside the machine, the structural
integrity of the stator and thermal management system of the generator. The machine will be discussed
in more detail in Chapter 2.
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1.1. Reason for research

Splitting the generator into modules creates multiple challenges, especially regarding the insulation of
the segments and the control system of the array of power converters. The structural aspects of the
machine have also been identified as challenge [30, 52]. The reason is twofold:

1. The insulated gaps between the segments act as flux barriers, changing the magnetic fields and
forces occurring in the machine

2. The structural integrity of the stator is compromised, while it is known that large generators using
concentrated windings and open slots experience a high level of vibrations [71].

Vibrations in electrical machines have been studied extensively, often in relation to the resulting
noise resulting from these vibrations [28, 69]. Vibrations of segmented machines have not been re-
searched in detail, and existing research often focused on E-cores for relatively small machines [20,
27, 34]. This thesis aims to contribute to the understanding of the effect of modularity on the vibrations
occurring in a large electrical machine.

1.2. Research questions

The goal of this thesis is to study and design the structural support of the stator segments ina 10 MW
Direct-Drive Modular HVDC generator. Subquestions of this goals include:

1. Which forces occur due to the magnetic field in the proposed ModHVDC machine?

» What is the influence of the flux gaps on the magnetic field and the resulting forces?
« What is the influence of the PE converter on the magnetic field and the resulting forces?

2. How do the laminated stator segments respond to the air gap forces?

3. Which designs for the stator-frame mount are feasible, taking into account cooling and electrical
insulation?

These questions will be studied both with an analytical model in MATLAB" and a numerical simula-
tion in COMSOL, and their results will be compared. Finally, the conclusions of this report will be used
to formulate design rules for the stator segments of the ModHVDC machine.

'All code is available on https://github.com/CasperKlop/Thesis. Figures labeled with an asterisk (*) are available as
animated GIFs to visualize their time development.
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1.3. Structure

The first two chapters of this thesis report describe the background of the ModHVDC concept, and the
machine design used in this research. An overview of the following analysis is shown in Figure 1.2,
which consists of the following chapters:

» Chapter 4 describes the analytical analysis of the electromagnetic fields and the resulting forces

» Chapter 5 describes the mechanical model, including an analytical analysis of the eigenfrequen-
cies of the system

» Chapter 6 describes the numerical analysis performed in COMSOL to simulate both the electro-
magnetic fields and the mechanical response of the stator system

» Chapter 7 discusses the experiments that can be performed to improve and validate the mechan-
ical model

%Improve design————————%» ModHVDC Model

r Design parameters j:ﬁmplify/ scale-down segmen
Model iniOMSOL

Field analysis 2D EM model

Flux density (Radial, tangential) <€—Verify—» Rotating machinery toolbox

Relative permeance due to Study machine parameters
slots and segment gaps
Simulate 2D magnetic fields
Maxwell stress tensor Experiments
Torque: Arkkio's method
Fourier analysis ]
Fourier analysis using
Torque pulsations MATLAB Livelink Stator-frame attachment

Vibration testing

Power electronic harmonics

_ g Resulting forces . :
Resulting forces Provide mechanical
properties/

Y - Validate
Simplified structure (*Verify—> 3D structural model

Modal analysis

Analytical ring model Orthotropic laminations
Stator/frame system analysis Numerical eigenvalues
Analytical eigenfrequencies Modal analysis in frequency < )
domain
Quasi-static deflections )
ynthesis

Design rules

Figure 1.2: Approach for research conducted in this thesis



Background

The ModHVDC generator concept will in this thesis be considered in the particular application of a
10 MW Direct-Drive Wind Turbine, with a 100 kV DC link output. This chapter will introduce the concept
and the background reasons for this research.

2.1. The ModHVDC concept

The proposed system is an integrated Permanent Magnet Synchronous Generator (PMSG), capable
of producing High-Voltage Direct Current (HVDC) without the need of a transformer. This is achieved
by dividing the system into multiple modules. Each module consists of a segment of the stator, which
acts as an individual three-phase generator, and a dedicated AC-DC power converter. The DC output
of each converter is connected in series in order to produce HVDC, as shown in Figure 2.1.

The initial proposal focused on the insulation and converter design of a PMSG with an ironless
core [30, 31, 52, 53]. The segments are insulated from each other, and the insulating screens are
clamped to the mid-point of the DC-link. This system has several envisioned benefits:

» The transformer in the nacelle of the wind turbine could be eliminated, reducing the top mass. This
could be especially beneficial for Direct-Drive generators, as their large weight poses challenges
for high-power offshore wind applications [43].

» The number of power conversion steps is reduced, possibly including the need of an offshore
rectifier substation. This increases efficiency and reduces complexity and costs.

» By making the system modular, the maintenance and reliability of the offshore wind farm could
be improved. This will be discussed in more detail in Section 2.2.

Generator Converter
Stator segment 1 1
I DC I
Stator segment 2 2 i
| AC
— oL

3 H
Stator segment 3
AC

1 |1
!
Stator segment 2 i
. o | AC _j-_l
@ | DC I
I

(a) The ModHVDC system layout

(b) A stator with four segments

Figure 2.1: The ModHVDC concept, in this case shown with 4 segments and 48 slots [47].
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Recent research has studied variations on this design, using a conventional laminated iron core split
into insulated segments. Both geared and direct drive versions of the machine have been studied [68],
as well as different power converter configurations [25]. Segmentation has also been found to influence
the power losses and force harmonics which occur in the generator, and it was concluded that this
required a more detailed analysis [50]. Most recently, the thermal design of the generator has been
studied. Since the magnetic insulation between the segments acts as a thermal barrier as well, cooling
the machine poses challenges. To solve this, cooling in between the stator segments and the support
frame has been proposed, but the structural aspects of this design remain to be analyzed [47].

2.2. Modularity and Fault tolerance

A modular system is a system that consists of multiple independent subsystems. The system can con-
tain different subsystems or modules which each have their own function, or multiple similar modules.
In both cases, the construction of the system can be simplified by producing modules separately and
integrating them later, instead of producing the whole system at once. Furthermore, if modules are
relatively simple to replace, the maintainability of the system is improved as well.

In electrical machines, modularity has been researched and implemented on various levels [1, 63].
On a functional level, power converters have been used in parallel, in order to reduce the power level
of each individual converter. In the case one of these converters fails, it can be bypassed while the
system continues to operate at a reduced capacity. This concept can be extended to using power
converters for each individual phase, or each individual coil [49, 82]. This again creates the possibility
of continuing operation with a reduced number of phases or coils.

Modularity can also be implemented on a physical level. In electrical machines, this can be achieved
by splitting the stator into multiple segments, for which several methods have been proposed. Some
focus mainly on manufacturability and standardization, and integrate the segment into a complete stator
ring afterwards. This can be achieved by connecting E-cores or T-cores together, or by producing the
teeth separately from the back iron [34, 62, 87]. Other designs include a dedicated power converter to
each stator segment, as shown in Figure 2.2 [15, 63, 67]. In this case, each module can be considered
as a standalone integrated electrical machine, operating independently.

Figure 2.2: A segmented stator with dedicated converters for each segment. [63]

Making the generator of an offshore direct-drive wind turbine modular could be interesting due to
the large and heavy generator structure, and the challenges of installation and maintenance at sea [63].
Ideally, one module can be repaired or replaced when its windings or converter fails, without the need
to replace the entire machine. By reducing the downtime, the availability of the wind turbine can be
increased.

Another method of increasing the availability of the wind turbine is by improving the fault tolerance
of the system. A fault-tolerant system is capable of continuing operation after a fault has occurred in
one of its components [58]. Using a modular stator can improve the fault tolerance by containing the
fault in one segment. Using concentrated windings contributes to this as well, due to the low mutual
inductance between phases [21]. This prevents a single-phase winding fault from affecting the other
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phases. By segmenting the stator, the mutual inductance between segments is even further reduced,
improving the fault tolerance [46]. This holds especially in case a faulty module can be bypassed, and
the generator can continue to operate with a reduced number of modules.

For high-voltage drivetrains without gearboxes, winding faults are one of the most important failure
modes [58]. As maintenance is complex and costly for remote offshore wind farms, improving the fault
tolerance of the stator can thus potentially be very beneficial. This however only holds if the failure
rate of the system is not significantly increased. One way this could happen is by the increase of the
amount of semiconductors in the system, which have a relatively high failure rate as well [58]. This
is partially mitigated if the collector substation can be removed from the wind farm in the case of the
ModHVDC system, as the high-power converters of the substation are replaced by more standard
power electronics within the wind turbine, with a lower failure rate. The failure rate could also be
increased if the structural integrity of the generator is compromised by segmenting the stator, which
will be studied in this report.

2.3. Vibrations

The forces and vibrations in electrical machines have been widely studied. They are important in
electrical machine design in general, and wind turbine generators in particular, for various reasons:

« Effects on the load: some of the force harmonics lead to pulsations in the output torque. This can
cause speed deviations of the load of a motor, and a varying power output of a generator. For
a geared wind turbine, this is especially relevant as it introduces additional loads on the gearbox
[28, 70]

+ Effects on noise: vibrations in the machine structure lead to airborne noise, which is mainly impor-
tant if the vibrations occur at frequencies within the audible range [28]. For wind turbines, noise
generated by the drivetrain is small compared to the noise coming from the wind turbine blades
[55], and is irrelevant for offshore wind turbines.

« Effect on structural integrity: vibrations are an important cause of machine failures [70]. As off-
shore wind turbines are design to operate remotely for long periods of time, reducing the failure
rate due to excessive vibrations will be important.

Vibrations and noise in electrical machines have several sources [28, 70]:

* Mechanical vibrations, in particular bearings and gearboxes

» Load effects, such as the fluctuating torque of the wind turbine blades due to the tower shadow
effect

» Magnetostriction of the laminations in the stator and rotor core
» Unbalanced magnetic pull due to asymmetries in the air gap, caused by oval or misaligned shafts

» Electromagnetic vibrations due to the higher spatial and time harmonics in the stator and rotor
magnetic fields

Segmenting the stator will mainly affect the last type of vibrations, both by changing the occurring
harmonics as well as by changing the mechanical response of the generator. The other vibrations are
considered outside the scope of this thesis.



Machine Design

During an initial study on the same machine, it was concluded that the design contained various is-
sues [42]. The machine designed and analyzed in previous studies [50, 68] is significantly smaller
than other 10 MW Direct Drive machines [57, 61] and was found to have a very high armature reaction
leading to saturation. To obtain a more realistic model of the forces, the machine was redesigned, and
is presented here in detail.

3.1. Initial sizing

First of all, a non-modular 10 MW Direct Drive PM machine is designed based on an analytical design
procedure[33] and verified with numerical simulations in COMSOL as described in Chapter 6. In this
case, all coils in each phase are assumed to be connected, leading to a very high voltage machine.
The design parameters are given in Table 3.1.

Table 3.1: Design parameters of the ModHVDC machine

Nominal Power P 10 MW

Speed S 10 RPM

RMS line voltage V. 74 kV

RMS Phase voltage V,,, 42 .8 kV
Topology Inner Rotor PMSM
Winding configuration Concentrated single-layer
Number of phases N, 3

While using this design procedure, two additional design limits were taken into account:

« Atorque density limit F; = 30 — 60 kN/m? for air-cooled machines [59]. The torque density relates
the available power to the size of the machine through the relation P = 2w,, V. F;, with V,. as the
rotor volume.

+ A maximal thermal loading of K,.J, = 1000 — 2000 A%?/mm?2/cm for air-cooled machines [78]. K,
represents the linear current density, and J; the slot current density.

Using these limits, an air gap diameter in the range of 10 m is obtained, which is in agreement with
similar 10 MW Direct Drive Permanent Magnet Synchronous Generators [57] including those designed
for the DTU Reference Wind Turbine [5, 61].

3.2. Concentrated Windings

Different from other 10 MW DD generators, this machine will use concentrated single-layer windings in
order to enable modularity. Fractional-slot concentrated windings (FSCW) have less than one slot per
pole per phase (¢ < 1) which reduces the number of slots required.
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3.2.1. Advantages and disadvantages
Concentrated windings, also called modular windings, are often used in large multipole machines [1],
as they have various advantages. These include a high slot fill factor leading to a higher power density,
especially when open slots are used [71], short end windings and an improved fault tolerance, as was
discussed in Section 2.2 [21, 46]. In case the slot/pole combination is chosen well, a low cogging
torque can be obtained [21, 71] while achieving a high main winding factor [12]. The 12 slot/10 pole
base winding, with ¢ = 0.4, is often used [1, 12] due to its high main winding factor of 0.966. A multiple
of this base winding was also selected in earlier designs of the ModHVDC machine [68].
Concentrated windings can be single-layer, with a coil found around every alternating tooth, or
double-layer, with a coil wound around every tooth. As the latter, shown in Figure 3.1c, is consecutive,
this pattern is infeasible for a segmented stator, and thus a single-layer concentrated winding as shown
in Figure 3.1d is used. In this configuration, the coil pitch is twice the slot pitch. The main disadvan-
tage of this single-layer configuration is the addition of several strong harmonics in the winding MMF
including low subharmonics, making the magnetic field non-sinusoidal [12, 21]. This leads to high ro-
tor losses and strong vibrations [1, 20, 71] as was also observed in earlier studies on the ModHVDC
machine [50]. Analyzing these additional harmonics will be one of the key aspects of this thesis.
Another downside of FSCW is the strong magnetic fields caused by the windings, especially when
a low number of slots is used [57]. In the original design, a very strong armature reaction was observed,
causing saturation in the teeth and distortion in the output voltage. To reduce this, while keeping the
design comparable to earlier studies, the number of slots and poles has been doubled to 384 and 320
respectively. Furthermore, to reduce rotor losses, segmented permanent magnets are used [50].

Figure 3.1: Different winding configurations: a) distributed, overlapping b) concentrated, overlapping ¢) non-overlapping,
double-layer d) non-overlapping, single-layer [21]

3.2.2. Winding factors

A challenge in modeling machines with concentrated windings lies in finding the winding factors relating
to the spatial harmonics [22, 79]. Several closed-form formulas exist [65, 93] but the most certain
method of finding the winding factors is by analyzing the winding function. This represents a turn-
counting function along the machine circumference, centered around zero. For machines with a large
number of slots and poles, the periodicity of the machine can be used, also referred to as the number
of machine sections F; [12, 45]. The periodicity is the greatest common denominator of the number of
slots IV, and pole pairs p, and represents the number of parts that can operate as a separate machine.
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Fy = ged (N, p) 3.1)

For this specific machine, the slot/pole combination is chosen in such a way that it operates as F;
individual 12 slot/10 pole machines, or in other words, N,/F; = 12 and 2p/F; = 10. First, the winding
factors k,, of one individual section can be obtained. The spatial harmonics v of the winding function
are obtained from its Fourier transform, and divided by the spatial harmonics of a concentrated full pitch
base winding:

N'I}
kwv,F1 = Nv,base (32)
The base winding with N; turns in series has a square winding function resulting in
v—1 2
Nypase = (-1)7 —N,  forv=1,35,.. (3.3)
v
Applying Equation 3.2 to a concentrated winding gives
v
=sin| —— 4
kwv, 7, = SiN (Ns/Fl) (3.4)

For a machine with multiple sections, the winding pattern repeats F; times. The fundamental har-
monic v = 1 in one section results in a v = I} harmonic in the whole machine, so harmonics will occur
at multiples of F} [45]. Taking into account the fact that the third harmonic is canceled out in balanced,
three-phase systems, the winding factors for the whole machine are given by

Koy = SIN (”g) forv=1xFy,5x Fy, TxF,... (3.5)
for a slot pitch of 5, = 27w/ N,. This agrees with results found in literature [17, 93] in which Equation 3.5
reflects the pitch factor, and the distribution factor is 1. The same result could be obtained using the
star of slots method [11]. Figure 3.2 shows the winding factors for this machine. As p = 5 x Fj, this is
the main harmonic, and the figure shows a main winding factor of 0.966.

Winding factors for a 12/10 machine Contribution of harmonics to the MMF
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Figure 3.2: Winding factors in a machine with a base Figure 3.3: The contribution of the occurring harmonics to
winding of 12 slots/ 10 poles. Multiples of 3, which cancel outthe MMF, which is proportional to k., /v. Multiples of 3 have
in a balanced three-phase machine, are depicted in red. been removed.

The MMF resulting from concentrated, single-layer windings adds an additional complexity, as it
generates both forward and backward rotating magnetic fields [45]. The rotational direction of har-
monic v can be determined from the rotation factor k., given by Equation 3.6 [85]. In this formula, s,
represents the number of phase belts per phase in one section. In the used winding pattern, s, = 2 as
each phase has two coils per section, which are not neighboring to each other.

sin (mv/sp)

kry = .
msin (mv/syNpp,)

(3.6)
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Harmonics for which holds that k. ,_;) = 1 rotate forwards, while harmonics with k., ) = 1 rotate
backwards. For this specific winding pattern, this means

Forward rotating: (6n+1)F; forn=0,1,2,3...
Backward rotating: (6n —1)Fy forn=1,2,3...

The magnitude of the MMF resulting from an individual harmonic v is proportional to k., /v, which
is shown in Figure 3.3. This shows the importance of the subharmonic at v = F; for a single-layer
concentrated winding, which is even stronger than the working harmonic at v = 5 x F}, as is also found
in literature [12, 17]. Furthermore, based on Equation 3.6, it is found that the first and fifth harmonic
rotate in opposite direction [13].

3.3. Phasor diagram

In the previous design, the power factor of the machine has not been considered. In order to ensure
the machine is capable of producing 10 MW of active power, the power factor is taken into account in
the design when calculating the required phase current. The machine is analyzed for the case that all
current is supplied in the quadrature axis of the machine, and none in the direct axis. This reduces the
copper losses in the armature winding but requires an overdesigned power converter as the terminal
output will have a relatively low power factor [59].

The phasor diagram for the machine in case all current is applied in the g-axis is shown in Figure 3.4.
The phase current ¢ can be seen to lead the terminal voltage U,,. Neglecting the resistive losses, the
power factor of the terminal can be calculated using the phase inductance L,, = L; + L, and the
induced voltage £, by

eLpnt
pf = COS p = CcoS (arctan WEW) (3.7)
p

This equals approximately 0.85, which is similar to other large Direct-Drive machines [45]. Different
load cases, with positive or negative currents in the d-axis, will lead to different levels of vibrations [73].
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Figure 3.4: The phasor diagram of the machine when all current is applied in the g-axis.

3.4. Obtained model

Summarizing the discussion above, compared to the earlier machine model, the current machine has
the following properties:

* Anincreased diameter, to take into account torque density and thermal loading limits
» Twice the number of poles and slots to reduce the armature reaction

+ A higher phase current, as the power factor is now taken into account when calculating the active
power.

The obtained machine is now similar to other 10 MW DD generators found in literature [57, 61] and
its characteristics are shown in Table 3.2. The geometric parameters used in this thesis are explained
in Figure 3.5. The model is not optimized in terms of costs, size or weight, but should be considered
as a first approximation.
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Table 3.2: Machine parameters

Design goals
Full machine Per segment
Electrical Power P 10 MW 625 kW
RMS Phase voltage V,, 42.8 kV 2.67 kV
Rotation speed S 10 RPM
Max magnetic flux in the iron B, 15T
Max current density in the slots J,,,,. 3 A/imm?
Machine layout
Number of slots IV, 384 24
Number of coils N, 192 12
Number of pole pairs p 160 10
Number of segments N, 16
Slots per pole per phase ¢ 04
Geometric parameters
Outer rotor radius R, 4.85m
Inner stator radius Ry; 4.89 m
Outer stator radius R, 50m
Mean yoke radius R, 4977 m
Active length L 1.7m
Airgap g 10 mm
Magnet length [,, 30 mm
Lamination stacking factor &, 0.8
Conductor packing factor k., 0.76
Magnet fraction «,, 0.7
Back iron thickness hy; 47 mm
Tooth width wyy, 39 mm
Average slot width w 41 mm
Slot depth d; 63 mm
Gap between segments wgq, 10 mm
Pole pitch 3, 0.0196 rad
Slot pitch 3, 0.0164 rad
Slot opening pitch 5, 0.0084 rad
Magnetic circuit parameters
PM remanence B, 12T
Permeance coefficient P, 3.64
Carter coefficient &, 1.1
Air gap flux density B, 069T
RMS Air gap flux ¢, 67 mWb
Electric parameters
Electrical frequency f, 26.7 Hz
Main winding factor £, 0.966
Number of turns per slot n 61
RMS caoil current 4 924 A
Slot current I, 5.6 KA
Coil resistance (slot + end winding) R, 0.165+0.025=0.19Q
Phase resistance R, 121 Q 0.76 Q
Phase inductance (nominal + leakage) L, 1.75+0.02=1.77H 0.1MH
Output power factor cos ¢ 0.85
Operational parameters
Equivalent torque T, 9.55 MNm
Slot current density J, 2.8 A/mm?
Force density F; 37 kN/m?
Thermal loading K,.J 1906 A%2/mm?/cm
Frame parameters
Frame thickness h 5 mm
Frame length L/ 20m
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Magnetic flux

Eddy current within
core lamination

Eddy current between
core laminations

Figure 3.6: The use of laminations in the z-direction,
adapted from [70]

Figure 3.5: Layout of the electrical machine with an explanation of
the geometric parameters.

The cores of the rotor and stator are made of laminations, insulated, thin sheets of metal stacked in
the z-direction, to reduce eddy current losses as shown in Figure 3.6 [70]. The exact electromagnetic
and mechanical properties of these laminations are a source of uncertainty when modeling electrical
machines, as will be discussed in Section 5.2.1.

The winding pattern for the single-layered concentrated winding is shown in Table 3.3, which is
repeated 32 times.

Table 3.3: Winding pattern of the 384 slot - 320 pole machine.

| 2|3 |4]5|6[7[8]9]10]1]12
A[B|[B[C|[C|A[A[B|-B|C|C

Using these parameters, an estimate of the performance of the machine can be made. 3 types of
losses are included:
» Ohmic losses, based on I?R.

» Corelosses, based on the iron weight (density times volume) and a core loss density of I', = 1.0 W/kg.
This is low due to the low rotational speed and the resulting electrical frequency.
+ Stray losses, assumed to be 2% of the total power.

This results in the losses and efficiency as shown in Table 3.4. For a mechanical power of 10 MW, the
acquired efficiency results in an available electrical power of 9.5 MW.

Table 3.4: Performance parameters

Ohmic losses P, | 309 kW
Core losses P, 24.8 kW
Stray losses P, 200 kw
Efficiency n 95 %

3.5. Incorporating modularity

In the ModHVDC design, physical modularity is used by splitting the stator is segments. As shown in
Figure 3.1d, non-overlapping single-layer windings have teeth without any windings attached to them,
which can be used to segment the stator in the middle of a tooth. In order to use a 3-phase converter
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to generate a DC output from each module, a stator segment needs to contain a multiple of 6 slots.
For this design, 16 segments with 24 slots each will be used, which means each segment contains
two machine sections. This means each segment produces 1/16™ of the total power, at 1/16" of the
nominal voltage level, as shown in Table 3.2.

All segments will need to be insulated from each other, as well as from a potential support structure,
in order to prevent short-circuits. Due to the high voltage, this will requires several millimeters of insula-
tion material around the stator segments. In this thesis, the details of insulation will not be considered,
but the gaps between the segments will simply be considered as insulated boundaries. A segment gap
width wg,;, = 10 mm is assumed.

3.5.1. Mechanical design

These segments need to be constrained in the wind turbine to create a full stator ring, while also main-
taining the option of replacing one module after it has failed. The easiest way to make the segments
removable is by using an external frame. Two different attachment methods will be considered in this
thesis. The first is an interference fit, which consists of an external ring with fins on the inner radius.
The inner radius of the frame will have a small overlap with the outer radius of the stator core segments,
the interference 6. The segments will be pressed into the frame, creating a normal force due to the
required deformation, and are held in position by the resulting friction. Insertion happens by means of
a high compression force, a press fit, by cooling the segment in order to create a shrink fit, or by a lock-
ing mechanism that expands after insertion [70]. This method has been used in small scale modular
machines,[46] as shown in Figure 3.7. For this design, there is direct contact between the segments
and frame, which means a layer of insulation material is required between the two components.

The second method consists of attaching the segments to the frame with beams. This makes
installation easier, and allows for an air gap between the segments and the frame, which can be used for
electric insulation and cooling, discussed in Section 3.6. This design has been proposed for segmented
stators with E-cores as well, as shown in Figure 3.8 [67]. The downside of this design is the fact that
the frame will not provide as much stiffness to the stator core as a press fit would do. The feasibility of
this design is studied in this thesis.

The support frame could be made from metal or a reinforced composite. For this thesis, a simple
steel cylinder is assumed as frame, with a thickness close to the stator core back iron, 5 mm. The
length is chosen to be 2 m, to allow space for the end windings and the attachment to the wind turbine
nacelle. While this design is arbitrary, Chapter 5 will provide an analysis method that can be used
to study other possible designs as well. Sketches of the considered designs are shown in Figure 3.9
and 3.10.

\ ﬁﬁ“ EEE

Figure 3.8: Example of individual support structures for
each segment [67].

Figure 3.7: Example of a small-scale modular machine
using a press fit [46].

3.5.2. Effect on electromagnetic fields

The insulated gaps between the segments will also change the magnetic flux distribution in the stator
core by acting as flux barriers, which could influence the winding factors discussed in Section 3.2. If
a flux barrier is added in every second tooth, this can significantly reduce the subharmonic v = 1
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for 12 slot/10 pole machines [17, 18, 20]. The effect of flux barriers and segmentation has primarily
been studied for gaps at every tooth [87], every second tooth [20], E-cores [1] and U-cores [34], while
the effect of larger segments is not well known. For this machine, 16 flux barriers are added by the
16 segments with 24 teeth each. As the spatial orders of the magnetic flux density are multiples of
Fy, = 32 due to the periodicity of the machine, the segment gaps are not expected to block any low
spatial orders, so the impact on the winding factors will be limited.

Segmenting the stator also influences the mutual inductance of the phases. If flux barriers are
added between each coil, the mutual inductance becomes close to zero, leading to an increased fault
tolerance [46]. For this machine, the effect of the segment gaps on the mutual inductance is expected
to be limited, as the use of concentrated windings already leads to a low mutual inductance and the
phases within one segment are still physically connected. This will be studied numerically in Chapter 6.

3.6. Cooling

The insulation around the segments acts as a thermal barrier as well. Together with the high rotor
losses caused by the use of concentrated windings, this can lead to challenges in the thermal design
of the ModHVDC generator. An earlier study suggested that air cooling through ducts in the stator
core would be insufficient, and proposed additional cooling in between the stator segments and the
support frame [47]. This would require an air gap of 2 cm between these two components, as well as
an insulated or non-conducting mounting structure. In another study, the use of segmented permanent
magnets was proposed to lower the rotor losses [50]. If the expected loss reduction is correct, this
would invalidate the requirement of having cooling in between the segments and frame, and make the
press fit design more feasible.

Figure 3.9: Design 1 (not to scale): the segments are  Figure 3.10: Design 2 (not to scale): the segments are held
pressed into a frame, and are held in place by friction. The in position by beams connected to the frame. There is an air
red lines indicate the required insulation. Cooling happens  gap in between the core and frame, which insulates the

by ducts through the stator core (not shown) components and allows for cooling



Analytical electromagnetic model

This chapter describes an analytical model to calculate the forces occurring in the Modular HVDC
generator. Forces can be calculated either using an energy-based method [41] or using the magnetic
flux density distribution together with Maxwell’s stress tensor. In this report, the latter is used, based
on the method described in Noise in Polyphase Electric Motors by J.F. Gieras [28] and extended with
the analytical magnetic field calculations from Zhu et al. [90-95], the implementation of the complex
relative permeance described by Zarko et al. [96], and several other papers referred to in this chapter.

4.1. Method outline

The method is summarized in Figure 4.1. The resulting forces are used as input to the mechanical
model, described in the next chapter, to analyze the resulting vibrations and deformations. Often, these
vibrations are used to calculate the acoustic noise generated by the machine, shown in the figure as
well, but this step is not considered in this report.

Force analysis

I'Magnetic field analysis' —
Maxwell stress tensor Structural analysis | Acoustic analysis

Stator winding field
Fast Fourier Transform Simplified ring structure » Sound radiation efficienc

h 4

Rotor PM field

Zeroth order forces Eigenfrequency calculations |

| Effect of slois
e . Cogging torque and ripple |

Figure 4.1: The analytical method used in this report

4.1.1. Simplifications

Regarding the overall approach, the main simplification that is made is the decoupling of the electro-
magnetic analysis of the fields and the deformation of the stator and rotor structure. In reality, this
deformation will result in changes in the magnetic fields due to the displacement of the permanent
magnets and the windings. This effect could be significant due to the positive feedback loop of attrac-
tive forces coming from two (electro)magnets: as they attract each other, the distance between them
decreases, increasing the attractive force and thus resulting in negative stiffness [41]. However, the
impact of this coupling is generally limited, as the deformation is small compared to the air gap width
in Permanent Magnet machines. This means the magnetic fields and forces are calculated assuming
a rigid structure.

To calculate the magnetic fields analytically, the following assumptions are made:

+ All stator segments are assumed to be identical, including the currents applied to them, and
independent from each other.

* A 2D analysis is performed, assuming the magnetic fields are constant along the active length of
the machine.

» Losses are neglected

15
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» The permanent magnets are radially magnetized. Due to the large diameter of the machine, the
effect of parallel-magnetized PMs is limited.

+ Saturation is neglected, meaning the magnetic fields in the air gap are a linear superposition of
the stator and rotor fields.

» The stator and rotor are assumed to be perfectly aligned and centered

» The magnetic fields and forces are calculated close to the stator, as the vibration of the stator
segments is of main interest to this thesis. The provided method can be adapted to calculate the
forces on the rotor as well.

» The rotor speed is assumed to be the rated speed of 10 RPM. Lower rotational speeds will reduce
the frequency at which the force harmonics occur.

4.2. Sources of force harmonics

The electromagnetic fields in the machine cause vibrations primarily due to harmonics in the magnetic
flux density of the stator and rotor. These harmonics are caused by: [28]

» The interaction between permanent magnets and the stator slots

» Eccentricity of the rotor due to shaft misalignment or deformation of the rotor structure

» Magnetic saturation of the stator core

+ Time harmonics in the coil currents for converter-connected machines. Especially the switching
frequency of the converter is an important factor [10]

* In the case of a segmented stator, the gaps between the segments will change the flux density
pattern in the stator and air gap, potentially leading to additional forces

These harmonics in the air gap flux density will interact with each other to create a wide range of
harmonics at different spatial orders and frequencies in the radial and tangential forces occurring in
the machine. The following chapter will break down the different harmonics that occur and describe an
analytical model to analyze them.

4.3. Forces in Electrical Machines

The general form of the radial and tangential force density in a synchronous machine is shown in
Equations 4.1 and 4.2, in which 6 and ¢ represent the angular position and time, w,. is the mechanical
angular velocity, and m and k; represent the spatial and temporal harmonic orders, respectively [28,
71]. The term w,t can also be interpreted as the mechanical rotor position 6,..

£r0,6) =D Frmu) €OS (m — kyw,t) (4.1)

Fe0,) =N fimoy Sin (mb — kpwyt) (4.2)

This means the radial and tangential forces are a superposition of various spatial orders at different

frequencies, which are multiples of the mechanical frequency. The spatial orders are easiest to visualize
for the radial forces, as shown in Figure 4.2. Three different types of forces can be observed:

* m = 0, the breathing mode: the radial pressure is constant along the circumference, but could
vary in time. This creates a pulsating force on the stator

* m = 1, the beam bending mode: the radial pressure is higher on one side. This is usually caused
by eccentricity, and could be static (located on a fixed position on the stator) or dynamic (rotating
along with the rotor).

* m > 2, the higher orders: the radial pressure varies along the circumference, with m peaks and
troughs along the circumference of the machine. For a force order with a frequency w, a fixed
point on the stator encounters a force varying with this frequency. This means the m*" force
harmonic can be imagined as rotating around the machine axis with a angular velocity of w/m.

The tangential force has similar spatial orders, of which the zeroth order can be interpreted as the
torque of the machine. The goal of the following analysis is to determine the relevant time and space
harmonics occurring in the ModHVDC machine. These harmonics will be those with a relatively large
amplitude, a low spatial order, and a frequency close to one of eigenfrequencies of the structure.
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Figure 4.2: Visualization of the spatial radial orders [28].

4.4. Force calculations
The forces resulting from the magnetic fields in an electrical machine can be determined either using
the method of virtual work, or using the Maxwell stress tensor. While the method of virtual work can
provide a way to incorporate the effects of magneto-mechanical coupling [41], the simplified forms of
the Maxwell stress tensor are far more often applied [8, 28, 71, 93] as they provide a clear insight in the
way the design parameters of the machine result in the occurrence of spatial harmonics. The downside
of this method is its inaccuracy close to singularities, especially if the spatial resolution is low [41]. To
mitigate this problem, the magnetic field is calculated at a large number of values for 6 [2].

The dyadic of the Maxwell stress tensor is given by Equation 4.3, from which the force density is
calculated using Equation 4.4. The derivation of the Maxwell stress tensor is provided in Appendix A.

eE? + L B?
?=60E®E+iB®B—O%H (4.3)
Ho
9S
Vo =+, (4.4)

As explained at the end of Appendix A, by neglecting the electric field and the derivative of the
Poynting vector, the force density equations in radial coordinates become:

f'r = i (B,2 - Bf) = f’rr - frt (45)

fi=LBB, (4.6)
Ho
An important conclusion is that radial and tangential forces are both dependent on the radial as well
as the tangential component of the flux density in the air gap. In most machines the tangential flux
density is negligible compared to the radial flux density due to the high magnetic permeability of the
stator core, causing the magnetic flux lines to be nearly perpendicular to the stator teeth [28]. In this
case, the radial force equation could be simplified by neglecting the tangential flux density. However,
for large machines with open slots, the flux lines have a significant tangential component perpendicular
to the tooth wall and can thus not be neglected [77].
The flux density is often written as a complex value B = B,. + jB;. In that case, the complex stress
can be written as [8]

f=fh+ifi= 2—;032 4.7)
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4.4.1. Interactions between harmonics

The goal of the following sections is to find which spatial force orders occur in the machine under no-
load and loaded conditions. The Maxwell stress tensor shows that the forces are calculated as the
multiplication of two flux densities, and as will be shown below, the magnetic flux density is often given
as an infinite sum of harmonics. To understand how flux density harmonics create force harmonics, it
is useful to look at the general form of the product of two cosine series [19, 72].

ForBy = > by cos(kif+wgt)and Bo = > by, cos (k20 + wy,t), their product equals
k1=1,2,3... ko=1,2,3...
BB, = > bk, cos (k0 +wp,t) | x > by, €08 (ko + w,t)
k1=1,2,3... ko=1,2,3...

= Z Z bi, bi, €08 (k10 + wy, t) €OS (ko + wi,t)

k1=1,2,3... ka=1,2,3...

b, b,
> > %[cos (k1 — k2)0 + (wp, — wiy)t) 4 €08 (k1 4 k2)0 + (w, + wi, )]
k1=1,2,3... ko=1,2,3...

Z Z Jmn €OS (M + wpt) with  fn = Z b1 bk,

2
wn m=0,1,2,3... |k1tka|=m
| Wiy £Why |[=wn

(4.8)

in which use was made of 2 cos o cos 5 = cos (o — 3) + cos (a + /5) and cos o = cos (—a).

This means a force harmonic m is generated by the sum of all pairs of flux density harmonics for
which hold that |k; £ k2| = m. The frequency of these harmonics, w,,, results from the sum or difference
of the frequencies of the interacting flux harmonics. Three other important observations are made:

 For two flux density harmonics with the same order k; = k5, the zeroth force order m = 0 with
amplitude f; is produced. This results in a constant pressure if wg, = wyg,, and thus does not
contribute to vibrations or noise [28]. If wy, # wy,, a time-varying zeroth order is produced, as
will be discussed in Section 4.6.1.

* In the common case that B; and B, only have odd harmonics (k = 1,3,5...), |k1 & k2| is always
even and the force only has harmonics at 2k.

» The same spatial order can in theory occur at different frequencies. However, as will be shown
below, only a few time frequencies are usually of interest.

4.5. Magnetic fields in PM machines

In the following sections, the analytical equations for the magnetic fields will be described. First, the
rotor and stator fields are analyzed while ignoring the effects of the slots. Afterwards, the effect of the
slots will be accounted for by considering the relative permeance due to the slots.

4.5.1. Magnetic fields from the permanent magnets
The magnetic flux density due to the permanent magnets on the rotor have a radial and a tangential
component, which in complex notation is expressed as [8]

ngt{less = vig{)tless + .jBt]is]\l{)tless (49)

The radial and tangential components are given by Fourier series: [92—94]

Bl iess(r0) = > Kp(p)fpr(r)cos (up( — wyt)) (4.10)
u=1,3,5,...
Bl s 0) = > Kp(u)f:(r)sin (up(0 — wyt)) (4.11)
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with
pup+1 2pup
Kp(u) = oMu i =142 () — 1) () 4.12)
B\ = pr ()2 =1 | i1 ) R, \2HP o1 [ Boar \ 2P R \2HP )
Br - (TM) e ( Rs; ) o (RPM)
sin £70m
M, =257, S0 2" (4.13)
Ko o
r pup—1 Rpu pup+1 Rpu pup+1
(r) = 4.14
o= () (7)) + () (14
r up—1 Rpur pp+1 Rpur up+1
)= (7)) (Ge) (B (4.15)

For geometric parameter K g, a radial magnetization of M, is assumed. Due to the large radius of
the considered machine, the difference with parallel magnetization can be assumed to be small. For
the forces acting on the stator, the magnetic fields at »r = R,; are of interest. In this case, the latter two
equations reduce to

pp+1
Fon(Rat) = 2 (RRZ . ) (4.16)
th(Rsi) =0 (4.17)

The tangential component due to the rotor is zero at the inner radius of the slotless stator, because
the flux lines are parallel to the stator iron. In a slotted stator, the rotor field will result in a tangential
component, as discussed below. Above equations show that the 4! harmonic of the radial flux density
is given by

By, €08 (up(0 — wyrt)) (4.18)
which has

* a magnitude B,,,,, defined by K (1) f5r

 a spatial order up with =1, 3,5, ...

+ a frequency pupw, with p =1,3,5, ...

and rotates around the machine with a rotating frequency w,. Figure 4.3 shows Bl (R.:,0) for
this machine as function of 6 along the circumference of one segment.

Slotless radial flux density due to PMs

VAN A ]

0.5

Flux density [T]
o

BIRARRARRAN

0 /32 /16 (3*m)/32 /8
Angular position [rad]

Figure 4.3: Radial magnetic flux density due to permanent magnets along one slotless stator segment att =0 s*
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4.5.2. Magnetic fields from the windings

For the first part of the analysis, sinusoidal currents are assumed, with only the fundamental current
waveform at frequency w. = pw, being present. As discussed in Section 3.3, all current is assumed to
be applied in the g-axis, giving

iqg=0A
iqg =—V2igns =11 (4.19)
ic=0A

The phase currents can then be calculated from the inverse Park transform [35] by aligning the direct
axis to the axis of phase a [95]:

ia cos (pb) —sin (ph) 1 |4
[ib] = [cos (pf —2m/3) —sin(ph — 27/3) 1] {zq] (4.20)
ic cos (pf + 27w /3) —sin(pf +27w/3) 1| |io

For a balanced 3-phase system, the phase currents are given by Equation 4.21. In converter-
connected machines, the currents will contain time harmonics, which will influence the forces occurring
in the machine. This is considered later in Section 4.8.

iq = I1 Sin (wet)

. . 2T

i = Iisin (wet — ) (4.21)
2

i = I, Sin (wet + g)

The currents in the stator coils create a magnetic field as well, the armature reaction. By modeling
the currents in the slots as distributed current sheets in the stator slot openings, the resulting flux density
is given by [90, 93]

7(}-,7;7lztless (Tv 9) = Ho Z ngFv (T)Il sin (UU’UQ - pUth) (422)
ggyoltless (T7 9) = Mo Z gavJva (T)Il cos (O'UU9 — pwrt) (423)
with
’U:].XF1,5><F1,7><F1,11><F1... (424)
Oy = Sgn(k‘r(erl) - kj‘r(vfl)) (4.25)
N,
Jy = gﬂksovkwv (426)
™ RSL
1 Rpo |2V v—1
O e < 4 ) (4.27)
Rro Y Rsi
1= ()
1— R,, 2v v—1
Go(r) = 1= (RT ) (4.28)

In these equations, # = 0 refers to the axis of phase A, the middle of the tooth around which phase A is
wound. The rotational direction of the harmonic, described in the previous chapter, is taken into account
by Equation 4.25, which uses sin (—z) = —sin (z) and the fact that the tangential component of the
flux density is related to the spatial derivative of the winding MMF [28]. In Equation 4.26, N,pq refers
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to the number of turns in series per phase and the slot opening factor K, is given by Equation 4.29,
which is close to unity for lower harmonics but approaches zero for higher harmonics.

sin (v%)
ksov = 5

BSO
v

(4.29)

The winding factor k., is given by Equation 3.5, and the impact of the segment gaps on the winding
factors is neglected. The product of Equation 4.27 and 4.29 is approximately equal to %}) forr =

Rs; [90], and thus results in the 1/v relation of the vi" harmonic discussed in the previous chapter.
Furthermore, in combination with the flux density formulas, it shows the term

% = Ay (4.30)

which is the constant component of the air gap permeance for an equivalent air gap width ¢’ [28]. Finally,
G, equals 1 for r = R,;, and can thus be neglected. It also means that the armature reaction has a
tangential component even in the slotless machine, in contrast to the rotor field. Together, the radial
and tangential components can be written in complex form

arm _ parm - parm
slotless — *r;slotless +J t,slotless (431)

This term is only present in the loaded case, i.e. I; # 0. When saturation is neglected, Byoiess iS
the linear superposition of the slotless rotor and stator fields. In contrast to the magnetic field due to the
permanent magnets, all space harmonics of the winding field have the same frequency pw,, meaning
the waveforms can be considered to be rotating around the machine circumference at a frequency of
pw,/v. The slotless flux densities due to the winding fields are shown in Figure 4.4.

04 Slotless radial flux density due to armature reaction 0%Iotless tangential flux density due to armature reaction
03[
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w w
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0.4 . | | | 04 | | | |
0 /32 /16 (3*7)/32 /8 0 w32 7116 (3*7)/32 78
Angular position [rad] Angular position [rad]
(a) Radial component (b) Tangential component

Figure 4.4: The magnetic flux density due to the armature reaction along a slotless stator segment att =0 s*

4.5.3. Influence of slots and segment gaps

In order to account for the influence of the stator slots, a complex relative air gap permeance A(6) can
be used [28, 93, 96]. The real and imaginary components of A\, = A\, s+ j\ s are obtained as described
in Appendix B, and are expressed as Fourier series:

N
Xas(0) = Ao+ Y Aasi COS (iN,0) (4.32)
=1
N
Ap,s(0) = Ay s Sin (iN.0) (4.33)

=1
The same can be done to analyze the impact of the flux gaps between segments by treating the

gap as a slot between very wide teeth. In that case, a second expression for the complex relative
permeance )\, is obtained as shown in Equations 4.34 and 4.35.
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N
Aavgap(a) = )‘0 + Z Aa,ga;m’ COos (iNsego) (434)
1=1
N
Abgap(8) = > Ab.gapi SIN (iNeegl) (4.35)
=1

These relative permeances are then superimposed to obtain the total relative permeance A = )\, +
7y, a@s shown below:

N)\ N)\
Xa(0) = Ao+ D Xasi €O (iN0) + > Aa.gapi €08 (iNseqt) (4.36)
1=1 =1
N Ny
Ap(0) =D Npsi SiN (iNo0) + D> Ay gapi SIN (iNaegh) (4.37)
i=1 i=1

This means the relative permeance for a slotted, segmented stator has spatial orders at both multi-
ples of N, as well as multiples of N,.,. The relative permeance of this machine is shown in Figure 4.5,
with the influence of the segment gap visible close to 6 = 37/32.
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Figure 4.5: The real and imaginary part of the relative permeance for 1 segment, taking both slots and flux gaps into account

The relation between the magnetic flux density in the slotted machine B and the slotless machine
Bygiotiess 1S then given by B = BgouessA*, With the asterisk representing the complex conjugate [96].
As the magnetic flux density due to the permanent magnets in a slotless machine is expressed as a
complex value Bgotiess = By siotiess + J Bt siotiess, the flux density in the slotted machine is given by

BPM — B‘Séwtless/\* (4.38)

with
BfM = §R(Bfljé\g[l&ss>‘*) = Bﬁé\l{;tlessAﬂ + BtPi‘s]\l/{;tlessAb (439)
BtPM = C\\Y(Bfl,ytlessA*) = Bt]?sl]\/[otlesska - Bﬁ:?l/[otlesskb (440)

A similar expression holds for B = B \*. In the no-load case, the flux density in the air gap

slotless

equals BPM, while for the loaded case the total flux density in the air gap (neglecting saturation) equals
the linear superposition of the fields due to the permanent magnets and the armature reaction[93]:

Btot _ BPM + Barm
= (BIM + B+ §(BPY + BT (4.41)
— (BPM 4 Barm ))\*

slotless slotless
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The resulting flux density is shown in Figure 4.6 and 4.7. The line graphs show the spikes in the
flux densities at the edges of each tooth, and apart from the segment gap, shows a flux distribution
which repeats twice each segment. A Fast-Fourier Transform is performed on the slotted flux density
at ¢t = 0 to show the occurring spatial harmonics. The radial no-load case shows the expected slotless
harmonics at odd multiples of p, as well as interactions between the slots and poles of spatial order
|up £ iNg|, discussed in Section 4.6.4. In the loaded case, the most important change is the addition
of the low F; harmonic. In the tangential flux density, only interactions between the slots and poles are
observed in the no-load case, as BF'M = 0 close to the stator.
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Figure 4.6: The radial flux density for a slotted stator segment
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Figure 4.7: The tangential flux density for a slotted stator segment

By calculating the magnetic flux density distribution for different ¢, and performing a 2D Fast-Fourier
Transform to the result, the frequency of the different harmonics can be visualized as well. Figure 4.8
shows the main harmonic at spatial order p = 160 and electrical frequency pw, /(27) = 26.7 Hz, as well
as harmonics of the rotor and stator. The rotor harmonics occur at the diagonal line upwards, while
the armature harmonics occurs at the horizontal lines of constant frequency, showing both forward and
backward rotating waves.

4.6. Radial forces and vibrations

Based on Equation 4.5, the radial forces resulting from the magnetic flux density can be obtained. For
most machines, the contribution of the tangential component of the flux density on the radial forces f;.;
is neglected[28], but for large, open-slot machines it needs to be taken into account [77]. However, as
the radial and tangential flux density distributions have the same spatial orders only the magnitude of
the resulting forces changes, while the occurring force harmonics remain the same.

Equations 4.1, 4.5 and 4.8 show that the radial force harmonics with spatial order m result from
the interactions of harmonics in the flux density waves of the rotor and stator. Figures 4.9 and 4.10
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Figure 4.8: The 2D FFT of the radial flux density, showing both spatial orders and the frequencies at which they occur

show the spatial and 2D FFT of the radial force respectively, in which a rich harmonic spectrum can
be observed. The different interactions of the harmonics in the magnetic field will be analyzed in the
following subsections.
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4.6.1. Breathing mode

Vibrations with m = 0 occur due to the interaction of flux density waves with the same spatial order,
but with different frequencies [28]. For synchronous machines driven by balanced, sinusoidal currents,
very few time harmonics are present and the breathing mode is usually negligible compared to force
harmonics with a higher spatial order [72]. For inverter-fed machines, time harmonics exist in the
currents, which will contribute to the zeroth order vibration mode [75]. This will be analyzed in more
detail in Section 4.8.

The zeroth spatial order can be analyzed by taking the mean value of the radial force density along
the stator circumference. This will have a time-constant component, leading to static deflection of the
stator structure, and a time-varying component, leading to the zeroth order vibration mode. As shown
in Figure 4.8, all flux density harmonics of a certain spatial order have the same frequency in the case of
balanced, sinusoidal currents, which means the zeroth vibration mode is very low. The average radial
force is shown in Figure 4.11, which shows a deviation of only 1% of the DC component at a frequency
6 times the electrical frequency [8].

Even though the amplitude of the zeroth order is low, the deformation caused by this vibration
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mode can still be dominant due to the relatively low stiffness of the structure for this mode shape [72,
75]. This is true particularly for machines without low non-zero force harmonics, which is the case for

machines with a high gcd (N, p) as will be explained in Section 4.6.4. The deformations will be studied
in Chapter 5.
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Figure 4.11: The average radial force density over time

4.6.2. Beam bending mode

Vibrations with m = 1 occur primarily due to static or dynamic eccentricity of the rotor [28]. Static ec-
centricity means that the air gap differs over a fixed reference frame, causing an additional non-rotating
force. Dynamic eccentricity refers to a difference in air gap which rotates with the rotor frequency w,..
This mode is mainly caused due to misalignment of the stator and rotor axes, or due to one of them
being not perfectly circular. As the stator are assumed to be perfectly aligned and centered, this case
is not considered further. If one of the segments would be inoperative, the unbalanced forces also lead
to a m = 1 force order. This non-nominal case is also not considered in this thesis.

4.6.3. Interactions of the slotless flux densities
Equation 4.5 shows that the radial forces from the slotless flux densities result from the square of
four Fourier series, the radial and tangential component of the permanent magnets and the armature
reaction. Since the tangential components have the same spatial orders as the radial components,
they are neglected in this discussion.
The square of the total radial flux density has three components[19, 28]:

(Bfé\l/{)tless)z + QBfé\l{)tlesng;%tless + (Bg;%tless)z

(4.42)
240 2410

2
_ Br,slotless _
fr = -

» The interaction of rotor harmonics with order . = 1, 3, 5.... As the magnetic field from the perma-
nent magnets is usually much larger than the armature reaction field, the dominant radial force
vibrations come from the spatial harmonics in B

slotless:

2

o0
>~ Bmucos (up(f — wrt)) o )
u=1,3,5... B

fr(0,1) o : = > M4 3 fucos (2kp(0 — wit))

2
Ho p=135.. HO pTos

(4.43)

Which uses Equation 4.8, substituting & = up, wi, = ppw, and only considering odd harmonics.
The magnitude of force is given by
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Bony B
fo= > # (4.44)

|1 Epe|=k
which represents the interacting harmonics p; and p,. This means force orders k are produced
by the sum of flux harmonic pairs with |y + us| = k. Furthermore, it shows that the permanent
magnets create a radial force with a constant term and terms varying with spatial order m = 2kp,
integer multiples of the number of poles.

The interaction of stator harmonics with order v = 1,5,7... x Fy:

2
> By cos (vF16 — pw,t)

v=1,5,7...
fr(0,t) -
210 (4.45)
0o B2 00 )
_ Z 47’“’ + Z fr1cOS (2kF16) + Z frz €OS (2kF10 — 2pw,t)
v=157.. HO 53 k=1,2,3

Which uses Equation 4.8 substituting ¥ = vFi, wy = pw, and only considering odd harmonics.
The amplitudes of the forces are given by

B, B
f _ muv1 Pmus (446)
" ful—%;l:k 240
Bmv Bmvr
fo= % 1 Do, (4.47)
\v1+v2\:k: 2MO

This means the stator harmonics create a time-constant force consisting of a zeroth order as well
as spatial orders m = 2kF}, and a time-varying force with spatial order m = 2kF and frequency
2pw,. The time-varying forces with harmonic k are created by the interaction of flux harmonic
pairs with |v; + ve| = k.

» The interaction of stator and rotor harmonics:

2x Y Bpyucos(up(d —wrt)) x Y By €0S (VE10 — pw,t)

=1,3,5... v=1,5,7...
i 07t H=1,9, 19,
11(6,1) x o

(4.48)

For a given rotor harmonic i and a stator harmonic v, this results in force harmonics with

— an amplitude B,,,;, B /210

— a spatial harmonic m = up + vF}, which, as p is an odd multiple of F}, gives an integer
multiple m = 2k F}y

- a frequency of upw, + pw, = (1 £ 1)pw,., which, as p is odd, gives a multiple of 2pw,

A summary of these force harmonics is given at the end of this section in Table 4.1.

4.6.4. Slot harmonics

When slots are taken into account, interactions between the permanent magnet field and the slots
occur[28] which are especially strong for large, open-slot machines with fractional windings [71, 77].
Neglecting the influence of the segment gaps at first, Equation 4.39 gives

N

BIM o Y Bppucos (up(0 — wit)) X Y Aq.ei COS (iN,0) (4.49)
n=1,3,5... i=1
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This means the interaction between the permanent magnets and the slots, called the slot harmonics,
have spatial harmonic in the magnetic flux density at spatial orders[93]

|up £ NG| for p=1,3,5...andi=1,2,3... (4.50)

with a frequency of upw,. As will be discussed in Chapter 5, the lowest spatial orders create the
largest deformations in the stator. From above equation, it follows that the lowest occurring order is
the greatest common divisor of the number of pole pairs and the number of slots, gcd (p, Ny), which is
often used in literature [8, 13, 74—77]. This coincides with the periodicity of the machine, as discussed
in Section 3.2. As the radial force is dependent on the square of the magnetic flux density and N, and
p are both even, the minimum spatial order in the force equals

Munin = 2 X gcd (p, Ny) (4.51)

For integer slot windings (¢ = 1,2, 3...), this equals 2p, meaning the minimum order is not reduced
compared to the slotless case. However, for concentrated windings (¢ < 0.5) the greatest common
divisor can be as low as 1, leading to a force order m = 2. To reduce vibrations, it is beneficial to
increase gcd (p, Ny) [76].

These additional flux density harmonics exist in both the radial and the tangential component, and
can lead to additional force harmonics through their interactions with other harmonics. As both B,
and )\, s in Equation 4.49 decrease quickly with increasing p and i respectively, the most important
added harmonics denoted by Equation 4.50 exist for low values of i and . Notably, the fundamental
harmonics of the permanent magnet field and the permeance create a harmonic at | N; — p| with a large
amplitude, which interacts again with the fundamental rotor harmonic of order p following Equation 4.8,
leading to a force harmonic with order m = |N, — 2p| at frequency 2pw,..

As N, and 2p are often close together for machines with concentrated windings[12], this usually
leads to vibrations with a low spatial order and a high amplitude [77]. For this machine, |N; — 2p| =
2 x ged (p, Ns) = 64, which is visible in Figures 4.9 and 4.10 as the lowest spatial order with a relatively
high amplitude.

Other force harmonics resulting from the slot harmonic that can be identified in Figure 4.9 are

* m = 384, resulting from interactions between rotor field harmonic p = 160 and slot harmonic

Ny —p=224
* m = 704, resulting from interactions between rotor field harmonic p = 160 and slot harmonic
Ns+p =544

* m = 1152, resulting from interactions between rotor field harmonic p = 160 and slot harmonic
3N, — p =992, as well as slot harmonic N, — p = 224 and slot harmonic 2N, + p = 768

as well as many others. The strongest occur at odd multiples of 384, coinciding with N,.

4.6.5. Segment harmonics
Segmenting the stator will influence the force harmonics as well. First of all, if a small air gap exists
between the segments, this will act as an extra slot with permeance harmonics of spatial orders equal
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Figure 4.12: Comparison of the lowest spatial orders for a machine with and without a segmented stator
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to multiples of N,.,. This means that similar to the slot harmonic, segment harmonics occur with flux
density harmonics at

|up £ iNseg| for p=1,3,5...andi=1,2,3... (4.52)

which means the lowest added flux density harmonic occurs at ged (p, Nseq), Which is usually equal to
Nseq. This could be very low if the number of segments is small, but the amplitude will be limited by
the small width of the segment gap. The force harmonics are too small to be visible in Figure 4.9, so
Figure 4.12 shows a close-up of the lowest spatial orders for both a segmented and an unsegmented
machine. The segment gaps are found to increase the amplitude of spatial orders at multiples of
Ngy = 16. Even though the amplitude is still only a few percent of the dominant spatial orders at
multiples of 2 x F; = 64, their impact on the deformation of the stator can be significant, as will be
discussed in Chapter 5.

This is however not the only effect of the segment gaps on the magnetic flux density and force
harmonics. Besides the effect on the winding factors discussed in Section 2.2, the segment gaps will
also influence the magnetic field lines flowing in and out of the stator core. They could have a focusing
or defocusing effect on certain spatial orders as observed in other modular machines,[46] but the effect
is hard to predict analytically [34]. In particular, spatial orders at multiples of N,., = 16 could be
increased, due to the prevention of leakage flux out of each segment. Overall, the effect is expected
to be small, and neglected in the analytical model.

Table 4.1: Summary of resulting radial force density harmonics

Type Spatial order | Frequency | Comments

Breathing mode 0 Mainly 6w, | Low for sinusoidal currents

Due to slotless PM fields 2kp 2kw, Dominant in most machines

Due to slotless armature fields 2k Fy 2we Only present in on-load case

Due to interactions of PM har- wp £ vFy (1 £ Dwe Only present in on-load case

monic . and armature harmonic v

Slot harmonics 2k Fy Mainly 2w, | Adds low-order harmonics

Segment harmonics kENgeq Mainly 2w, | Creates very low-order harmonics
Fork=1,23...

4.7. Tangential force harmonics and torque pulsations

In the tangential forces, similar harmonics occur as in the radial forces. The ’zeroth tangential order’
results in the torque of the machine, which can have a time-constant component and a time-varying
component. This time-varying component causes torque pulsations, within which two different compo-
nents can be distinguished[28]:

» The cogging torque, present in the loaded and the no-load case, caused by the interaction of the
permanent magnets and the slotted stator

» Other torque harmonics, referred to as the torque ripple, only present in the loaded case, caused
by interactions between the rotor and stator fields.

Similar to the zeroth-order radial forces, torque can only be produced by flux density harmonics of the
same spatial order, and the torque harmonics are stronger in the case of time harmonics in the currents
due to power electronic converters. But unlike zeroth-order radial forces, the torque pulsations can be
significant even for sinusoidal currents. This will be analyzed in the subsections below.

Finally, tangential force harmonics with higher spatial orders are produced as well, both in the loaded
and the no-load case. As their integral along the air gap circumference is zero, they do not contribute to
the overall torque produced by the machine. However, these forces do act on the stator teeth, leading
to additional vibrations.

4.7.1. Constant torque
The torque is found by integrating Equation 4.6 along the inner stator surface, multiplied by the ra-
dius [28]. Assuming the magnetic fields are constant along the effective machine length, this can be
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written as a line integral along the inner stator contour [:

T=1 (1 yﬁrBTBt dl) (4.53)
Ho Ji

This will result in a function dependent on ¢, and thus on the rotor position.

4.7.2. Cogging torque

Cogging torque occurs due to the variation in air gap permeance as caused by the slotted stator, and
is thus present even in the no-load case. It can be analyzed in a similar way as the radial forces by
integrating the magnetic forces over the depth of a tooth[88], by applying an energy-based method,[22,
28, 36, 37] or by using Equation 4.53 in the no-load case. The first two methods did not give satisfactory
results, so the latter has been employed. To understand which harmonics contribute to the cogging
torque, the equation is expanded:

2m

2
T.(6,) = 7’31:2?1 / BIMBM do
(4.54)

27
LR2
_ % / BPM 1 (0,000,(0) x BPM - (0,0,)0,(6) dO
0

which uses the fact that the tangential component of B  is zero close to the stator edge. From

slotless

Equation 4.43 it is known that the square of the magnetic field due to the permanent magnets can be
expressed as

(BE N tess(0,6:))> = ) Bjcos (2kp(6 — 6,)) (4.55)
k=0,1,2...

which has a fundamental period of 27 /2p. Similarly, the product of the radial and tangential part of the
relative air gap permeance due to the slots equals

Xa(0) x Ap(0) = Y N, cos (kN,0) (4.56)
k=0,1,2...

which has a fundamental period of 27/ N,. Using the trigonometric orthogonality

2m f _
/ cosnfcosmfdo =4 "™ (4.57)
0 0 ifn#m
Equation 4.54 gives
LTR%,, «—
Te(0,) = % > Bin, Meny, Sin (ENL0,) (4.58)
k=1

with N, = lem (N, 2p) and By, , Ay, referring to the Fourier coefficients of the squared flux
density and the permeance at multiples of N;. This shows the importance of the lowest common
multiple of the number of poles and slots, which is often used as a design parameter for the cogging
torque of machines [8, 37, 41, 76, 89]. The higher the LCM, the smaller the cogging torque, as only
higher order harmonics of B2 and A\? will play a role. This shows three things:

» There is a trade-off between cogging torque and radial vibrations resulting from the slot harmonics.
As mentioned in section 4.6.4, increasing the GCD of the number of poles and slots reduces the
radial vibrations, but the GCD and LCM cannot be changed independently as

lcm (a,b) x gcd (a,b) =a x b (4.59)

This also explains why gcd (N, 2p) is sometimes used as "goodness factor” for the cogging
torque [89].
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+ Equation 4.58 shows that the cogging torque has a fundamental period of 27 /N, along the ma-
chine circumference. This can be very small for machines with concentrated windings, due to
gcd (N, p) being very small as discussed before. This is partially explained by the fact that for
concentrated windings, the permanent magnets do not face the slot openings simultaneously, as
is the case for machines with distributed windings [89].

 This explains why the cogging torque for open-slot machines is more pronounced: their effect on
the relative permeance is much stronger than that of (semi-)closed slots.

In practice, especially for machine with a high lcm (N, 2p), the cogging torque is dominated by the
fundamental harmonic of Equation 4.58 with spatial order N;. From Equation 4.8 it can be concluded
that the determining harmonics in (BF2 )2 come from flux harmonic pairs for which holds that

r,slotless
|p1p & pop| = Nr. The same holds for harmonic pairs in in A\2. For this machine, Nz = 1920, which is
equal to 12p. Figure 4.13 shows the cogging torque with a fundamental period of 27/1920 ~ 0.003 and
an amplitude of 10 kNm, or 0.1% of the nominal torque.
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Figure 4.13: The cogging torque as function of the rotor position

The same formula holds for the cogging torque due to the flux gaps, replacing A with the segment
permeance Fourier series and using N; = lecm (N,.g4,2p). As N is an integer multiple of N4, the
fundamental order of the resulting cogging torque is lower [34, 46]. In fact, as N,., is usually chosen
as an integer fraction of 2p to ensure symmetry, N equals 2p. This means the addition of flux gaps
can lead to a significantly higher cogging torque, as the fundamental waveform of st%uess will interact
with the flux gaps between the segments [86]. Figure 4.13 shows a segment cogging torque of 47 kKNm
(0.5% of the nominal torque) with a period of 27 /2p = 0.02, significantly slower and stronger than the
cogging torque due to the slots.

Even very small segment gaps can increase the cogging torque, due to the change in the tangential
flux density in the air gap [86, 87]. As the influence of the segment gaps on the armature reaction is
not considered, this effect is neglected in the analytical model.

4.7.3. Torque ripple

Besides the cogging torque, interactions between the harmonics in the permanent magnet and arma-
ture field of the same spatial order can create additional pulsations in the torque. This can again be
analyzed using Equation 4.53. Figure 4.14 shows the torque calculated from the magnetic fields of the
rotor and the segmented stator. The unsegmented stator gave very similar results, meaning the stator
segments do not have a significant effect on the torque ripple. The figure shows a constant torque of
8.6 MNm, 10% lower than the design torque, and a torque ripple of 200 kNm, 2% of the nominal torque.
The torque ripple occurs at 6 times the electrical frequency as expected from theory[48, 76], due to the
interaction of the 5th and 7th rotor harmonic with stator harmonics at the same spatial order.

4.7.4. Higher spatial orders in the tangential forces
As the tangential component of the flux density has the same harmonics as the radial component,
similar harmonics will also be present in the tangential force as the ones discussed in the sections
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on the radial forces. Figure 4.15 shows these spatial orders, with peaks at odd multiples of N, and
mmin = 64. These higher harmonics do not result in useful torque, but will act as vibrations on the
stator teeth.
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Figure 4.14: An example of the total torque over time Figure 4.15: Spatial orders in the tangential force

4.8. Influence of Power Electronic Converters

While until this point sinusoidal currents were assumed, in reality the segments are connected to a
Power Electronic (PE) Converter, which causes time harmonics in the phase currents. These time
harmonics lead to additional vibrations and noise in the electric machine [28]. To study the effect of
this accurately, a converter model with current control should be simulated in order to obtain the phase
currents. This was outside the scope of this thesis, so only the effect of arbitrary higher time harmonics
is demonstrated.

In previous work, different converter topologies for the ModHVDC Generator have been studied,
and a switching frequency of 1 kHz has been selected [25]. In this thesis, a Two-Level Voltage Source
Converter (2L-VSC) will be considered. The ratio between the switching frequency f; and the funda-
mental frequency f. is set to 39, an odd multiple of 3, to prevent low subharmonics [51]. This gives a
switching frequency of f; = 1040 Hz.

The most important time harmonics coming from a 2L-VSC with PWM control occur at f, +2f. [28,
75]. This means that on top of the fundamental current 4 = 1, two harmonics are superimposed, at
h = 37 and h = 41. As example, the amplitude of both these harmonics is estimated at 2% of the
fundamental harmonic [25, 75], which results in the phase currents shown in Figure 4.16.
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Figure 4.16: The phase currents with harmonics from the Power Electronic Converter

When time harmonics are considered, Equation 4.22 for the magnetic flux density of the armature
reaction becomes: [93]
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stotless (T, 0) = fio Z Z ngFv (1)1}, sin (0,08 — hpw,t) (4.60)
v h

o ess (1 0) = 0 Y > gavJva(T)Ih cos (0,00 — hpw,t) (4.61)
v h

with the same parameters as the original equations. This shows that for higher time harmonics in
the current I, magnetic flux density harmonics are produced at the same spatial orders as for the
fundamental current I, but at higher frequencies. From Equation 4.8 it was noted that the interaction
of magnetic flux density harmonics with the same spatial order but different frequencies produce time
variations in the zeroth force order. For the radial forces, this leads to the breathing mode, and for
the tangential forces, this leads to a torque ripple. This interaction will also lead to high frequency
harmonics at twice the spatial order of the flux density harmonics; most importantly at the fundamental
harmonic F; and main harmonic p [10].

As expected, the main difference in the results caused by the PE converter was found in the breath-
ing mode and the torque ripple, shown in Figures 4.17 and 4.18. The figures show that for two higher
time harmonics at an amplitude of only 2% of the nominal current, the peak-to-peak ripple in both
forces is tripled. The added ripple in the breathing mode and torque occurs at frequencies close to the
switching frequency of 1 kHz. A similar time harmonic will be added to the 2F; and 2p force orders.

The strong increase of these ripples due to the PE converter is in agreement with literature [72,
75]. It will be important to consider the harmonics coming from the PE converter when determining the
mechanical response, especially on the breathing mode, and the forces orders 2F; and 2p [10]. This
will be discussed in the next chapter.
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4.9. Summary

An analytical model to predict the electromagnetic fields and the resulting forces has been set up. The
most important forces are:

* The breathing mode at 6w, = 160 Hz

» The slot harmonics at multiples of m = 2F} = 64, mainly occurring at 2w, = 53.3 Hz

» The segment harmonics at multiples of m = N,., = 16, mainly occurring at 2w, = 53.3 Hz
» The main radial harmonic at 2p and a frequency of 2w, = 53.3 Hz

* The torque ripple at 6w, = 160 Hz

Overall, most force harmonic with a higher spatial order occur at 2w, = 53.3 Hz, and a few at 4w, =
106.7 Hz and 6w, = 160 Hz.

The main impact of segmentation was found to be twofold: an increase in the cogging torque and
the addition of segment harmonics at low spatial orders. Finally, the impact of the switching frequency
of the PE converter was studied, and found to add harmonics in the radial breathing mode and the
torque at f; = 1040 Hz.



Mechanical model

This chapter describes the model used to estimate the mechanical response to the forces calculated
in the previous chapter. The focus lies on the radial forces on the segmented stator and the support
frame, but other vibrations are discussed in Section 5.4. As will be discussed below, a fundamental
aspect of calculating the mechanical response is to determine the eigenmodes of the system, with their
corresponding eigenfrequencies. These eigenmodes are used to perform a modal analysis, as is com-
monly used for electrical machines [7, 26]. A simplified analytical method is used to give an estimate
of these eigenfrequencies, but as these models are generally inaccurate for complex structures [28],
they will be verified with a Finite Element Model in Section 6.3.

5.1. Forced vibrations and modal superposition

Vibrational analysis is based on the generalization of the analysis of a simple mass-damper-spring
system [13, 28, 70]. A mass m connected to a spring with stiffness & and a damper with damping
coefficient ¢, excited by a force F'(¢) has the following Equation of Motion for displacement x(¢):

ma” (t) + cz'(t) + kz(t) = F(t) (5.1)

In the undamped case ¢ = 0, the equation has a homogeneous solution of the form

x(t) = Acosw™t (5.2)

with the natural frequency or eigenfrequency defined as

w' = k (5.3)
m
This is the frequency at which the mass vibrates if it is released without external excitation. Taking into
account damping again and assuming a sinusoidal excitation force F'(t) = F; cos wt, the solution has
both a homogeneous solution, which consists of a vibration that dies out over time depending on the
level of damping, and a particular solution, which is of interest here:

F 1
t) = — cos wt 54
T = e = T e 54
with the damping coefficient given by
C
(= (5.5)

2vVmk

This shows that an oscillation will occur at the same frequency as the excitation force, with an
amplitude that is dependent on both the undamped natural frequency and the excitation frequency.
In particular, if the excitation frequency is close to the natural frequency, resonance occurs and the
amplitude is only bounded by the damping coefficient.

33
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For a system with multiple Degrees of Freedom, the same Equation of Motion is used in matrix form
for a displacement u:

Mu” (t) + Cu'(t) + Ku(t) = F(t) (5.6)

When used in a Finite Element Analysis, the matrices represent the parameters of the discretized
system. Using the same analysis as before, a list of eigenfrequencies is found, with corresponding
mode shapes u,,,. The fact that these eigenmodes are orthogonal with respect to the mass and stiffness
matrix is used when performing a modal analysis. In this analysis, the mode shapes are considered
separately, instead of each individual Degree of Freedom. The assumption of performing a modal
analysis is that the total displacement of the structure equals the linear superposition of the eigenmodes:

k
u(t) ~ Y ar(t)us (5.7)

with g;, representing the modal amplitudes. This assumption holds true if the eigenmodes are decou-
pled, which in reality only holds if the modal damping matrix C is diagonal. In general, modal analy-
sis assumes damping to be small for each mode, as it neglects coupling between the different mode
shapes [13]. The simplest damping model, modal damping, assumes that each eigenmode m has its
own damping ratio ¢,,,. Finally, the excitation force needs to be projected on the different eigenmodes.
For radial vibrations, this is similar to what was already done in Chapter 4 by decomposing the forces
in spatial orders.

This thus means that an important aspect of the mechanical analysis consists of finding the rele-
vant eigenmodes and their corresponding eigenfrequencies. For complex shapes, these need to be
determined using a numerical solver, but for simple shapes such as plates, beams or thin shells, they
can be described explicitly. By simplifying the stator core and frame to thin cylinders, their eigenmodes
can be described by a radial and an axial order. The radial vibration order is defined in a similar way
as the radial force orders, based on the number of peaks along the circumference.

Vibration modes are excited by forces with the same order m [28]. By decomposing the force into the
orders that excite each eigenmode, a Frequency-Response Function (FRF) can be derived [13, 24, 75].
Besides aradial order, eigenmodes also have an axial order n defined by the number of peaks along the
axial length, as shown in Figure 5.1. Assuming that the ends of the cylinder are constrained, the axial
‘breathing mode’ n = 0 does not exist. Due to this interaction between radial and axial deformations, a
3D model is required to analyze the mechanical aspects of an electrical machine.
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Figure 5.1: The axial modes occurring in a thin cylinder with clamped ends [28].

5.2. Model description

The geometry used for the mechanical analysis is described by the parameters of Table 3.2, and the ma-
terial parameters are given in Table 5.1. The laminated core of the stator is modeled as a transversely
isotropic material, as will be described in Section 5.2.1. For the frame, isotropic steel is assumed, and
the windings are modeled as a combination of copper and insulation material.

It is assumed that the ends of the cylindrical frame are clamped, either by the attachment to the
nacelle structure or by two endbells. Other attachment methods can be analyzed by changing the
boundary conditions of the model. The stator core segments are assumed to be constrained by the
frame only, in one of two ways:

* In case of an interference fit, the frame inner radius is slightly smaller than the stator outer radius.

Once the segment is inserted, both components are deformed, resulting in a radial force on both
components. Due to the resulting friction, the stator segments are held in position.

* In the second model, the stator segments are held in position by means of 2 or 3 mounting beams.
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Table 5.1: Mechanical parameters

Stator core parameters
Core density p. 7700 kg/m?3
Stacking factor k., 0.96
In-pane Young's modulus £, 180 GPa
Out-of-plane Young’s modulus £, 100 GPa
In-plane Poisson ratio v, 0.2
Out-of-plane Poisson ratio v, 0.1
In-plane Shear modulus G, 75 GPa
Out-of-plane Shear modulus G, 15 GPa
Frame parameters
Steel density p; 7850 kg/m?3
Young’s modulus E; 200 GPa
Poisson ratio v 0.3
Winding parameters
Winding density p,, 8890 kg/m3
Young’s modulus E,, 10 GPa
Poisson ratio v, 0.34
Assumed values for press fit
Interference 6 0.1% of R,,, 5 mm
Contact pressure penalty factor f, 1
Static friction coefficient 1 0.2

5.2.1. Properties of laminations

Modeling laminations of electrical steel requires special attention, as they are transversely isotropic:
they have different material properties in-plane than out-of-plane. While the in-plane properties are
similar to isotropic electrical steel, the out-of-plane properties are very different. The exact mechanical
properties, including the Young’s modulus and the Poisson ratio, are usually hard to obtain, which leads
to considerable uncertainty in the mechanical models of electrical machines [29, 60]. Numerically mod-
eling the individual laminations would be computationally complex, which is why equivalent properties
are generally used. A basic analytical way to obtain the equivalent properties of the compound material,
consisting of sheets of electrical steel and an insulating resin, is applying the Rule of Mixtures with the
properties of both raw materials. The resulting properties are only an approximation, but can serve as
verification of other methods for determining the equivalent properties. This is partially caused by the
fact that both the shaping method of the steel (punching, lasering) as well as the attachment method
of the laminates (welding, bonding, fastening) influence the resulting material properties [6, 44, 56, 80,
83]. Large, modern machines usually employ laser cutting for shaping the laminations, and welding to
stack the core [70].

A more accurate method is by determining the relevant parameters empirically. Static tests are not
sufficient due to the non-linear behavior of the compound material, while ultrasonic tests determining
the speed of sound in various directions within the material have proved more successful [29]. The most
accurate method is using parameter fitting on a numerical modal analysis [29, 41, 60]. This method
can be thought of as ‘reverse modeling’: both a Finite Element model as well as an experimental model
is created, and the parameters of the FEM model are adjusted to fit the experimental results.

The properties shown in Table 5.1 are obtained from literature, including both reference parame-
ters and experimentally determined parameters [29, 60, 75]. While it is certain that the out-of-plane
stiffness is reduced, other parameters are harder to determine accurately. Especially v, and G, vary
significantly among different estimation methods, and the specific values are thus considered uncertain.
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5.3. Analytical model

An analytical model to predict the structural response of the stator-frame system is unlikely to produce
accurate results, which is why Finite Element Methods are usually employed [28]. This section de-
scribes two models that represent upper and lower bounds, to obtain rough estimates of the structural
deflection.

5.3.1. Simple ring model
The simplest model neglects the impact of the frame, and holds only for the non-segmented case. In
that case, the stator core can be approximated by a ring model with free-free boundary conditions [9,
28]. For large machines, this assumption can usually be made as the manufacturing tolerances are
larger than the deflection of the stator, which means the mechanical coupling between the frame and
stator is low [28]. Using this model, the quasi-static deflections due to forces of magnitude f,, with
mode m are given by [9, 14]
RsiRny
Yos = B (5.8)
" Bph(m? — 1)2

Quasi-static means that only the time-varying forces are considered, but that the effect of resonance
is neglected. The latter equation shows that Y o« m~*, which indicates that the deflection decreases
rapidly for increasing spatial orders. To find the dynamic deflections, an amplification factor is used,
which amplifies the deflection when the excitation frequency w is close to the natural frequency w;,,, of

the m!" vibration mode:
y 5 2 y 5 71/2
- (1_(* >> +4<;(* ) (5.10)
w’mn wmn

This equation also shows that excitation frequencies below the eigenfrequency will result in a de-
flection close to the quasi-static deflection (n,, — 1 for w <« w},,,) while high excitation frequencies
will not result in any deflections (7, — 0 for w > w?,,.). It is thus preferable to increase the excitation
frequencies to reduce deformations and noise [14].

There are several methods of calculating the natural frequencies, as discussed below. The modal
damping coefficient (,,, is generally hard to find[28] Empirical analysis shows that low damping can
usually be assumed [29], and it is common to use a constant damping coefficient for all modes in
the range of 2% [64, 75]. Some empirical estimates for a variable modal damping coefficient exist as
well[84], such as Equation 5.11. This estimate agrees with (,,, ~ 1 — 2%.

form > 2 (5.9)

472, = 2.76 x 10w, + 0.39 (5.11)

The quasi-static deflection of the unsegmented stator core according to this method is shown in
Figure 5.2, using the radial force harmonics found in Section 4.6. Even though this method is very
simple, several observations can be made. Firstly, it shows the importance of the zeroth spatial order:
while the amplitude of the time-varying component of the zeroth order is small compared to the other
force harmonic, the deflection due to this mode is still dominant [72, 75]. Furthermore, dueto Y oc m—4,
only the lowest non-zero spatial harmonics play a considerable role in the deflection of the structure.
For the unsegmented machine, this holds in particular for the slot harmonic at m = 64. The figure also
shows the importance of the segment harmonic m = 16, as this becomes dominant for the segmented
machine. Finally, it becomes clear that even though m = 320 and m = 384 are the strongest force
harmonics, their impact on the deflection of the machine is minimal due to their high spatial order.

The assumption of a low coupling between stator and frame is likely to be invalid for a machine with
stator segments pressed into the frame. It can be expected that most stiffness will come from the frame,
while the stator segments mainly act as a distributed mass. In that case, a more accurate estimate of
the structural response is given by the general expression of the deflection amplitude for mode m [28],
rewritten from Equation 5.4:
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Figure 5.2: Quasi-static deformation due to force modes occurring
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which uses the same amplification factor 7, as given above. It is based on the total mass M and the
natural frequency w;,,, of the stator-frame system. This natural frequency can be calculated with or
without taking into consideration the stiffness of the stator. For the design using supports to constrain
the stator segments, no analytical method has been found.

5.3.2. Eigenfrequency analysis

The eigenfrequencies of the stator can be found for only the stator core, or for the stator-frame system
taking into account the support frame and the insulated windings [28]. When the stator is simplified to
its back iron or yoke, the following equations for a long thin shell hold:

* Ksm
2 )
K _ 208 TLhyE, (5.14)
R, 1-v2
M, = kg, (5.15)

The frequency parameter (,, is found using Donnel-Mushtari’s theory for the second-order equations
of motion, dependent on the non-dimensional thickness parameter «:

1 2 2,4 2 274)2 _ Ap2.6 i
0, = 2\/(l—i—m + Kk2m4) £ /(1 4+ m?2 + k2m4)2 — 4x2mb, ifm > 1 (5.16)
1 ifm=20
h2.
2= bi 517
" T 3(2R,)2 (5.17)

The mass addition factor for displacement k,,,; takes into account the additional mass connected
to the stator yoke with core mass M.. If this is not taken into account, &, is simply one. If the teeth
mass M, and insulated winding mass M,,; are included, this becomes

Mt + Mwi
kg =14+ ———2 5.18
d + M, ( )

The added stiffness of the teeth and windings is assumed to be small and thus neglected. The

influence of the frame on the natural frequency of the stator-frame system depends on the coupling
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between the laminated core and the frame. If this is strong, for instance in the case of a press fit, the
stiffness and mass of the stator and frame can be considered to be in parallel [28]:

x Ksm + Kfmn
wm,n - Z\/fs + Mf (519)

In this case, the assumption of analyzing the segments as a ring is expected to be more accurate,
as the segments are tightly held in position. On the other hand, if the coupling is not rigid, either due to
the mounting method or due to the deflections being small compared to the manufacturing tolerances
of the stator-frame connection, the impact of the stator stiffness K, on the natural frequency of the
system will be limited.

The stiffness of the frame is found using Equations 5.13 and 5.14 for the mean frame radius Ry,
frame thickness hy, frame length L and the Poisson ratio of the frame material v, but in this case
the nondimensional frequency parameter (,,,, is found using the Donnell-Mushtari theory for the third-
order equations of motion, to take into account the axial modes n = 1, 2,3 [28]. For the characteristic
equation (Equation 5.20), the constants are given by Equation 5.21, and it is solved using a numeric
solver for Q2, .

Qb — C0d

mn mn

+ 0102, —Cy=0 (5.20)

1
Co=1+ 5(3 —vp)(m? + N\ + mfc(mQ + 2?2

1 _
Cr=5(1—vp) (B +20p)0 +m® + (m® + X°)* + %“?W +X%)? (5.21)
—vs
1
Co = 5(1—vy) (1= A + 55 (m® + A%)Y]

In these equations, the non-dimensional frame thickness ;-e? is calculated using Equation 5.17, and
the parameter A depends on the boundary conditions of the axial ends of the frame. If these are simply
supported, X is calculated for different axial orders n using Equation 5.22. If they are both clamped, A
is replaced by Equation 5.23 which takes into account the “effective length”.

A= nﬂ'];;: (5.22)
Ry . 0.3
th  Lo—=1L
Ly~ Ly 0= M T03

The relevant resulting natural frequencies are shown in Table 5.2. As discussed above, the deflec-
tion of mode m is strongly increased if the excitation frequency of the radial force f,,,, discussed in
Chapter 4, is close to the corresponding natural frequency. As the excitation frequencies were calcu-
lated for the nominal rotational speed, the force orders can occur at all frequencies below the given
values. This means that if the natural frequency is below or close to the frequencies presented in Chap-
ter 4, the system is at risk of resonance. From these results presented in the table, several points can
be observed:

(5.23)

Ae = N7

» According to this simplified analysis, the stator core does not contribute significantly to the stiffness
of the structure, except for the stiffness of the breathing mode.

» The breathing mode and the 16th radial order are at risk of excitation, as the natural frequencies
are close to 6w, = 160 Hz and 2w. = 53 Hz respectively.

 Although the force harmonics m = 320 and m = 384 are the strongest in this machine, they
are unlikely to cause any significant deformation in the structure due to their small quasi-static
deflection and the high natural frequency of the corresponding mechanical modes.

» The breathing mode is not at risk of excitation by the time harmonics of the Power Electronic
Converter, due to the relatively high switching frequency. The 2p force order is also not at risk of
excitation, due to the very high natural frequency. The 2F; = 64 force harmonic is relatively close
to the switching frequency, and should be studied in more detail.
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Table 5.2: Analytical natural frequencies of the stator system in Hz

Mode Unsegmented Frame Coupled core  System, neglecting
(m,n) core and frame core stiffness
(0,1) 126 168 128 99
(1,1) 0.17 167 98 98
(2,1) 0.86 163 96 96
(16,1) 62 181 114 106
(32,1) 247 554 363 326
(48,1) 555 1211 799 713
(64,1) 986 2304 1447 1297
320,1 25 x 10 8 x 10 8 x 10 6 x 10
( ) 3 7 3 4 3 4 3
384, 1 34 x 10 102 x 10 64 x 10 60 x 10
4 4 3 3 4 3 3
(0,2) 126 226 156 133
(1,2) 0.17 226 133 133
(2,2) 0.86 226 133 133
(16, 2) 62 298 180 176
(32,2) 247 668 424 393
(48,2) 555 1330 862 783
(64,2) 986 2335 1516 1374
320, 2 25 x 10 8 x 10 8 x 10 6 x 10
( ) ) 3 7 3 4 3 4 3
384, 2 34 x 10 102 x 10 64 x 10 60 x 10
( 4’ ) 4 3 3 4 3 3
(0,3) 126 368 231 216
(1,3) 0.17 368 217 216
(2,3) 0.86 369 217 217
(16,3) 62 298 180 176
(32,3) 247 846 523 498
(48,3) 555 1518 964 984
(64,3) 986 2545 1630 1499
(320, 3) 25 x 103 78 x 103 49 x 103 46 x 103
(384, 3) 34 x 103 102 x 103 64 x 103 60 x 103

Using these eigenvalues, the quasi-static defection according to Equation 5.12 can be calculated.
This is shown in Figure 5.3, including a representation of the deflection along the circumference, mag-
nified a million times. The figure again shows the dominance of the breathing mode, as well as the
16th and 64th deflection mode.
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Figure 5.3: Quasi-static deflection according to Equation 5.12
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5.4. Other vibrations modes

As discussed in Section 2.3, this analysis focuses on the vibrations resulting from the electromagnetic
fields, while vibrations resulting from other mechanical components and the load are neglected. Two
other types of vibrations caused by the force harmonics have been neglected as well: tangential modes
and rotor modes.

So far, all considered vibrations are caused by the radial force harmonics. The most important
vibration caused by the tangential force harmonics, besides torque pulsations, is tooth rocking. In this
vibration mode, primarily caused by the m = N, /2 = 192" harmonic, causes teeth to be moving back
and forth tangentially [13]. As these vibrations occur at a very high frequency, and are expected to be
damped by the insulated windings inside the slots, they are neglected in this analysis.

Furthermore, the calculated forces lead to different vibrations modes in the rotor structure as well.
As the focus of this thesis is on the stator structure, and the coupling between the rotor and stator
vibrations is small [41], these modes have not been studied in this thesis.

5.5. Summary

An analytical model for the eigenfrequencies of the structure has been set up by simplifying the stator
and frame to simple ring structures. The stator core has relatively low eigenfrequencies, and most
stiffness is expected to come from the frame. Based on this initial analysis, it was found that a few
forces and vibrations dominate the mechanical response:

» The breathing has significant deflections even for a very low force amplitude, and is at risk of
resonance due to the natural frequency being close to the 6w, = 160 Hz, the predicted excitation
frequency

+ The 16" vibration mode is important, as deflections with the lowest spatial order lead to larger
deflections (Y oc m~*). It is at some risk of resonance, especially for the frameless case.

+ The 64" vibration mode is important, due to the combination of a large force amplitude and a
relatively low spatial order. It is at some risk of resonance due to the switching frequency of the
PE converters at f; = 1040 Hz.

It was also found that the mechanical analysis faces considerable uncertainty, especially regarding
the modeling of the laminated cores and the estimate of the damping coefficients.



Numerical analysis

In order to verify the analytical approach that was set up in Chapters 4 and 5, a numerical analysis
is performed in COMSOL, a multiphysics Finite Element tool. In reality, the electromagnetic and me-
chanical are coupled in two directions. Electromagnetic effects change the mechanical properties of
the structure, as the change in air gap reluctance affects the stiffness and eddy currents affect the
damping coefficients due to energy dissipation [41]. At the same time, the magnetic field distribution is
changed by the deformation of the rotor and stator.

Because the overall effect of this coupling is limited, the electromagnetic and mechanical simula-
tions are separated, and a staggered analysis approach is taken [41]. The electromagnetic analysis
is performed in 2D, assuming the magnetic forces are constant along the axial length of the machine,
and the resulting forces on the inner stator radius are exported. These forces are then applied to a
mechanical 3D model to take into account the coupling of radial and axial vibration modes [28].

6.1. Electromagnetic model in COMSOL

The generator is modeled in COMSOL using the “Rotating Machinery, Magnetic” module to verify the
analytical design discussed in Chapter 3 and the field and force models of Chapter 4. The machine is
modeled in 2D, which assumes a constant magnetic field along the axis of the machine and neglects
certain 3D effects, such as the end winding losses and the impact of skewing.

There are two main ways of analyzing the input and output of an electrical machine: one involves
modeling an external electrical circuit, the other supplies the windings with a voltage or current directly.
In the first case, the circuit can be modeled using the Electric Circuit module of COMSOL, which uses
a lumped parameter model defined by a Spice-like node list. The advantage of this approach is that
the impact of the end winding inductance (L.) can be included, and that different load types can be
analyzed. Resistive, capacitive or inductive loads have different effects on the resulting vibrations in
the machine [73, 76]. Furthermore, the current harmonics resulting from the harmonics in the induced
voltage can be analyzed.

(b) The current source model. The phase inductances
(a) The external circuit model. The voltage sources are connected to the Finite represent the coils connected in series
Element model, the numerical labels represent node numbers

Figure 6.1: Circuit diagram options in COMSOL

41
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The downside of this approach is that there is no direct control over the current, if the controller of
the converter is not modeled. For simplicity, the current in the coils is set directly, in order to apply
zero d-axis current control in a simple way. This model is used to perform a time-stepping Finite Ele-
ment Analysis over one electrical period. By running over a longer time-span, initialization errors that
generally occur [2] are mitigated, at the expense of a longer computation time.

6.1.1. Modeling approach

The same dimensions as shown in Table 3.2 are used. Using periodic conditions, only one section
needs to be modeled to analyze the entire machine. In this specific case, that would mean modeling a
sections with 12 slots and 10 poles, corresponding to half a segment. However, in order to be able to
model the gaps between the segments, one full segment is modeled, with a periodicity condition equal
to N, = 16. The segment is divided in 4 domains, as shown in Figure 6.2, which are modeled using
the methods presented in Table 6.1.
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Figure 6.2: Modeling domains used in COMSOL

Based on this geometry, a triangular mesh is built. Special attention is paid to the mesh in the air gap:
firstly, an equidistant distribution is defined on one of the edges of the identity boundary pair, and copied
to the other edge. This aligns the nodes of the rotating and stationary domain at their intersection. In
the time-stepping analysis, the time step is defined in such a way that a node on the rotor edge always
aligns with a node on the stator edge, creating a clean mesh for each time instant. Secondly, the same
edge is copied to the other edges in the air gap, to create a regular mesh as shown in Figure 6.4.
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Figure 6.3: Alignment of axes at ¢ = 0 s Figure 6.4: Close-up of mesh in the air gap
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Table 6.1: The domains and edges used in COMSOL

Label Domain

Modeling approach

The stator and rotor cores are modeled as electrical steel, with its
electrical conductivity assumed to be 0 S/m. A B-H curve is defined
to simulate saturation in the core, a shown in the figure below.

Saturation curve of laminated steel

B(T)
-
N

0 0.5 1 15 2.5 3 3.5 x10°

2
H (A/m)

The magnets are defined by means of their remanent flux density of
1.2 T in either positive or negative radial direction. Losses caused
by eddy currents are neglected by setting the conductivity to zero.
To model the losses more accurately, they should be modeled as
segmented magnets which are insulated from each other [50].

The coils are modeled as three coil group of homogenized multiturn
conductors, with the winding pattern as defined in Table 3.3 repeat-
ing twice. The conductivity of the copper is set to 3.8 x 10" S/m. The
d and q currents are defined as input variables, and transformed to
phase currents using the Park transformation (Equation 4.20) with
the convention that i, =0 at¢ = 0.

The insulation between the coils and the core, the air gap and the
gap between the segments is modeled as air. The air gap is split
in multiple layers, to analyze the flux and force densities at different
radial positions. The layers include one line in the middle of the air
gap, and one very close to the stator teeth to analyze the impact of
slots on the magnetic flux density.

A Laminated steel

B Permanent magnets

C Copper windings

D Air gap & insulation
Boundaries

Rotating domain

» The inner circumference of the rotor and the outer one of the
stator are modeled as magnetically insulated boundaries, as
well as the stator boundaries next to the segment gap.

* A periodic continuity condition is applied to the radial edges of
both the stator and rotor

» An |dentity Boundary Pair is defined in the center of the air
gap, an interface between the stationary and the rotating do-
main. This applies a continuity condition to the magnetic field,
coupling the two domains. Furthermore, a Sector Symmetry
continuity is defined on this identity boundary pair, with a peri-
odicity equal to the number of segments.

A moving mesh is applied to the rotor and the inner half of the air
gap. A rotating domain with a fixed rotational velocity is specified,
with an initial position chosen such that a north pole aligns with the
axis of phase A. Together with the definition of the phase currents,
this aligns the rotor with the d-axis of the machine, as shown in Fig-
ure 6.3.
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6.2. Numerical analysis of fields and forces

The numerical models are used to analyze the machine performance and find the resulting force har-
monics. In the following section, the results obtained from the segmented and non-segmented model
are compared to each other and to the analytical model presented before.

6.2.1. Machine parameters

The coil resistance calculated by COMSOL is 0.165 2 for the segmented and unsegmented machine,
which agrees well with the analytical slot resistance calculated in Chapter 3. As the machine is modeled
in 2D, the end-winding resistance is not taken into account by the numerical model, underestimating
the coil resistance by at least 15%. The machine inductance is calculated by setting a DC current to
one phase only, and by disabling the permanent magnets. The inductance of phase i is then calculated
by dividing the flux linkage by the current of the same phase:

A\
~=16H A
=16 6.1)

This value is calculated for the entire machine and is the same for both the unsegmented and the
segmented machine, which thus has an inductance of 0.1 H per segment, 10% lower than the analytical
value. The mutual inductance between phase i and j is calculated by dividing the flux linkage of phase j
by the current applied to phase i:

Ly =

Aj
I;
For the unsegmented machine, all mutual inductances are 1.2 mH, equal to 75 uH per segment.

This is very low, as expected from a machine with non-overlapping windings. For the segmented
machine, the mutual inductances per segment are different:

M;; = (6.2)

Lo My M, 01H —19uH 169 uH
My, Ly M| =|-19uH 01H 169 puH (6.3)
M., My L. 169 uH 169 pH 0.1 H

In this specific design, the segment gap is located between a coil of phase « and a coil of phase b,
which explains the reduction of the mutual inductance between these two phases. Due to the change in
the flux path of the armature reaction, shown in Figure 6.5, the other mutual inductances are increased.
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Figure 6.5: The flux pattern of the armature reaction when a current is applied to phase a
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6.2.2. Flux density and induced voltage

The model is then used to analyze the magnetic flux density in the no-load and loaded case. The radial
and tangential component are calculated from the Cartesian components at an edge in the air gap, very
close to the inner stator radius:

B, = B,cosf + B, sinf

. (6.4)
By = —B,sinf + B, cos?

The results of the segmented machine, including their spatial FFT, are shown in Figure 6.6 and 6.7.
The x-axis is shifted such that the line graphs start at the axis of phase a, in order to make the compar-
ison with the analytical results easier. The results of the unsegmented machine are nearly identical.
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Figure 6.6: The radial flux density for a slotted stator segment, obtained from COMSOL
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Figure 6.7: The tangential flux density for a slotted stator segment, obtained from COMSOL

The numerical results agree well with the analytical results. The dominant flux harmonics occur
at odd multiples of p = 160, with additional harmonics occurring at |up 4+ iNs| due to the slots. The
armature reaction adds a low subharmonic at /', = 32 as expected. The main difference is that the
tangential flux density shows a spatial harmonic at p = 160 even in the no-load case, which is not
predicted by the analytical model. This can be explained by the fact that the flux densities are obtained
just below that stator edge, while the analytical method predicts st%uess(Rsia 8) = 0 at exactly the
stator edge.

The resulting induced voltage in the no-load case is shown in Figure 6.8. It shows a sinusoidal
voltage with an RMS value of 2.5 kV per segment, close to the expected value from the analytical
model.
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Figure 6.8: Induced voltage obtained from COMSOL

6.2.3. Torque and power

In theory, the 2D torque of an electrical machine could be calculated in the same way as described
in the analytical method, by directly integrating the tangential force times the radius (the arm of the
moment) along a line in the air gap. Using the tangential force from Maxwell’s stress tensor, this gives:

L 2T
T, = — 2B, By df, (6.5)
Ho Jo
However, when using finite element analysis, this often proves inaccurate due to approximation
errors. An improved equation can be derived, based on the knowledge that the torque should be
independent of the radius r chosen between the inner and outer air gap radius in the above equation [3].
This leads to a surface integral, often referred to as Arkkio’s method:

Tout L Tout 27
Te(Tout — Tin) = / T,dr = LT/ (/ r°B, B, dé’s) dr (6.6)
Tin 0 Jri, 0
L
(. E— / B, B, dS (6.7)
/J'O(rout - rin)

Where S represents (a part of) the cross-sectional area of the air gap. This method has been ap-
plied in COMSOL, with the only difference to Arkkio’s original method being the integration boundaries
of r [54]. Instead of integrating over the entire air gap, the torque is only integrated over the inner half
of the air gap, and thus over the rotating part of the mesh.

The cogging torque is calculated by using Arkkio’s method in the no-load case, and shown in Fig-
ure 6.9. The unsegmented models shows a cogging torque of 4 kN at 12 times the electrical frequency,
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which is 50% lower than predicted by the analytical model. As the cogging torque was the main force
affected by the segment gap, it is plotted for multiple gap widths in Figure 6.9. It shows that the cogging
torque is significantly increased due to segmentation, but two different effects can be observed. First
of all, even for an infinitesimally small gap, the cogging torque is increased due to the insulated flux
barrier. Secondly, the cogging effect becomes stronger for wider gaps as predicted by the analytical
model, but this produces torque in the opposite direction than the first effect. This explain why the
cogging torque is very small for wyq, = 5 mm, as the two effects counteract each other. Both effects
occur at twice the electrical frequency, as predicted by the analytical model.

The on-load torque is shown in Figure 6.10. It shows a constant torque of 9.52 MNm, almost the
same as the design torque of 9.55 MNm. The torque ripple occurs at 6 times the electrical frequency,
as predicted by the analytical model, and has an amplitude of 100 kNm, 1% of the nominal torque.

The power of one segment is shown in Figure 6.11. The mechanical power refers to the torque
multiplied by the rotational speed, while the segment power refers to the sum of the power generated
by the three phases. It shows that the mechanical power is close to the design power of 10 MW divided
over 16 segments. The model shows losses of 35 kW per segment, resulting in a total output power
of 9.4 MW. This only includes the 2D resistive losses, and neglects end winding losses. The electrical
power of the machine is produced with a power factor of 0.85, as expected from the calculations in
Section 3.3. Finally, wy,, was not found to influence the output power of the machine.
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Figure 6.11: The power per segment as obtained from COMSOL



6.3. Mechanical 3D model 48

6.2.4. Force harmonics

The resulting instantaneous forces are calculated using Maxwell’s Stress Tensor in COMSOL, and the
FFT of the radial and tangential components are shown in Figures 6.12 and 6.13. The results agree
well with those obtained from the analytical method, and show a rich harmonic spectrum with peaks at
the spatial orders equal to the pole number and odd multiples of Ny, the slot harmonics. The variation
in the average radial force, the zeroth radial order, has also been confirmed to be less than 2 kN/m?2,
similar to the analytical result.
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Figure 6.12: The harmonics of the radial force, obtained from Figure 6.13: The harmonics of the tangential force, obtained
COMSOL from COMSOL

The effect of segmenting the stator on the force harmonics is shown in Figure 6.14. It confirms the
increase of force orders at multiples of N,., = 16, the segment harmonics, but shows a significantly
stronger effect than predicted by the analytical method. Upon closer analysis, it was found that the
armature reaction increased several low spatial orders in the magnetic flux density at multiples of 16
more strongly than predicted by the analytical model.

Harmonics of the radial force, COMSOL
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Figure 6.14: The lower orders in the radial force

6.3. Mechanical 3D model

As a next step, the structure of the generator is modeled in 3D, and its eigenmodes are studied nu-
merically. Estimating the eigenfrequencies and the mechanical deflections are the hardest steps in
analyzing vibrations and noise in electrical machines [28]. Finite Element Analysis can take more com-
plex shapes and anisotropic materials into account, but many uncertainties remain. Especially damping
parameters are hard to determine, while they have an important impact on the resulting vibrations and
noise. The accuracy of numerical models can be improved by validating these uncertain parameters
with experimental models, as will be described in Chapter 7.

In this section, a numerical model of the structure will be described, using the same parameters as
in Chapter 5 given in Table 5.1. It is analyzed in COMSOL, using the Structural Mechanics Module
in 3D to take into account axial deformation. Using this module, transverse isotropic materials can be
modeled as orthotropic materials, which have different properties in 3 orthogonal directions [16].



6.3. Mechanical 3D model 49

By defining the z-axis as the axial direction of the machine, the following material properties can be
defined:

. Transverse
Orthotropic : .
isotropic
E, E, E,
E, E.
Vays Gry Vp
Vyz7Va:z>Gyz7Gzz Vzpanp

By using orthotropic materials and non-linear connections between components in 3D, the numerical
models become large and computationally complex. Using symmetry, it is possible to analyze only a
section of the model, in one of two ways:

» By using plane symmetry, a quarter of a full circle can be analyzed, corresponding to 4 seg-
ments. By combining symmetric and anti-symmetric boundary conditions, all eigenmodes of
the full model can be found. Figure 6.15 shows two examples: m = 8 can be found by using
symmetric-symmetric boundary conditions on the quarter-circle, while m = 5 can be found by
using symmetric-asymmetric boundary conditions.

» By using cyclic periodicity conditions, one segment can be analyzed. This will only provide eigen-
modes which repeat every segment, or in other words, only radial modes m at multiples of N,
are found. As these are the most important due to the force orders occurring at multiples of N,
as well, this method is still useful.

Both types of symmetry have been used in the following analysis, and have been verified with a full
model.

Symmetry Symmetry
1 1

\ Anti—i_symmetry

/

Figure 6.15: Two types of plane symmetry used to find all eigenmodes of the full ring

6.3.1. Ring models

To verify the analytical and numerical approach, first two simple models are analyzed in COMSOL. The
first one is the simplest, and represents the frame with clamped ends and an isotropic material. The
results are shown in Table 6.2, at the end of this section. The found eigenfrequencies are 5-10% higher
than those predicted by the analytical model, but overall agree well. The breathing mode has a similar
eigenfrequency as the first, second and 16! mode, and the eigenfrequencies of other modes increase
with their axial and radial order.

Secondly, the unsegmented stator core with an orthotropic material model and free-free boundary
conditions is analyzed. The results agree with the analytical model regarding the breathing mode, the
very low eigenfrequencies for the second radial order, and the overall low eigenfrequencies compared
to the frame. However, the analytical model appears to underestimate the stiffness of the stator core,
and thus its eigenfrequencies. This is possibly caused by neglecting the added stiffness of the teeth in
the analytical model.
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Due to the simplicity of the two models, all observed eigenmodes were clearly recognizable, as
shown in Figure 6.16. However, several modes were not observed in the results, and were left open in
Table 6.2. Especially the high spatial orders could not be recognized.

Figure 6.16: Examples of eigenmodes: (0,1) for the frame, (16,2) for the frame and (16,1) for the core.

6.3.2. Interference fit

The interference fit design is modeled in COMSOL using a contact pair with friction. The stator core
and the frame are first modeled with a small overlap, the interference 6. The contact surfaces are then
defined as Contact Pair, with the frame as source and the core segment as destination, to which a
Contact condition with friction is applied. The contact stiffness is defined by an automatic penalty factor
fp[16], and the friction force by a static friction coefficient 1.;. The assumed values for d, f, and yu, are
given in Table 5.1, and the effect of changing these values will be discussed in Section 6.3.4.

When the geometry and physics are defined, a static analysis is performed while setting the ‘previ-
ous state’ to ‘in contact’. This calculates the required static deformation of both components and the
resulting reaction forces, shown in Figure 6.17. Then, this deformed state is used as initialization point
for the eigenfrequency study. Due to the non-linearity of the contact analysis, the computational com-
plexity is significantly increased compared to the simple numerical ring models. This makes the use of
symmetry and periodicity a necessity.

(a) Overview (b) Static deformation, magnified [m] (c) Von Mises Stress [Pa]

Figure 6.17: Modeling of a press fit, using periodicity constraints

Figure 6.17 shows the static analysis: the structure bulges outward, and experiences a stress in
the order of 100 MPa. Results of the eigenfrequency analysis are shown in Table 6.2, and again the
high spatial orders were not observed. The eigenfrequencies are close to those found for the support
frame alone, suggesting the design obtains most of its stiffness from the frame. It also means the much
simpler frame model is sufficient to obtain an accurate estimate of the eigenfrequencies of the stator-
frame system. The numerical eigenfrequencies are higher than the analytical results obtained for the
coupled core and frame, which can be explained by the underestimation of the stator core stiffness.
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6.3.3. Supported segments

To study the second design, in which there is an air gap between the stator segments and the support
frame, three different models are considered: a free-floating segment, a segment with two supporting
beams, and a segment with 3 supporting beams, all with copper windings attached to them. The models
are shown in Figure 6.18. The beams are placed in the back iron in between two coils to reduce the
effect on the magnetic fields, and are assumed to be fixed and rigid. The results are again shown in
Table 6.2. For this design, only modes at multiples of N, are defined.

| 1]

(a) Free-floating (b) 2 support beams (c) 3 support beams

Figure 6.18: Models of the supported segment design

A few conclusions can be drawn from these calculations:

 Overall, the found eigenfrequencies of the supported segments were lower than those found for
the press fit, due to the low stiffness of the stator core. However, the eigenfrequencies are not
below the excitation frequencies, and thus do not make the design infeasible

* By using a supporting beam along the axial length of the segment, the mechanical breathing
mode is eliminated

» Due to the spacing of the supporting beams, some eigenmodes are magnified while others are
reduced. For example, the 2-beam design has a very low eigenfrequency for the 16th order, as
the beams are placed exactly at the neutral points of the deformation, as shown in Figure 6.19.

(@m=16,n=1 (b)m =32,n=2

Figure 6.19: Examples of eigenmodes of the segment supported by 2 beams
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Table 6.2: Numerical natural frequencies of the stator system in Hz

Mode | Unsegmented , Segment Segment, Segment,
Frame | Pressfit | -

(m,n) core incl. windings 2 beams 3 beams

(0,1) 127 182 147 108

(1,1) 179 140 Not defined  Not defined Not defined

(2,1) 1 171 127 Not defined  Not defined Not defined

(16,1) 95 194 178 74 90 238

(32,1) 372 573 366 235 397

(48,1) 804 1229 1276 787 745 589

(64,1) 1353 2120 1880 1211 976 1072

0,2) 127 239 273

(1,2) 119 236 Not defined  Not defined Not defined

(2,2) 108 263 Not defined  Not defined Not defined

(16,2) 104 328 283 95 105 244

(32,2) 380 665 625 371 232 395

(48,2) 811 1336 1212 763 742

(64,2) 1359 1891 1215 951

(0,3) 188 434 394 504

(1,3) 434 395 Not defined  Not defined Not defined

(2,3) 434 Not defined  Not defined Not defined

(16,3) 527 451 180 186 306

(32,3) 429 886 756 451 288

(48,3) 847 1514 1280 960 916

(64,3) 1387 1955 1279 1228 1148

6.3.4. Sensitivity analysis
As several parameters are hard to determine without experimental validation, a sensitivity analysis is
performed to estimate the uncertainty of the models. The considered parameters include the axial
material properties of the laminated steel, G, and v,,, the press fit interference 4, and the press fit
modeling parameters p; and f,,. The sensitivity analysis is performed for the press fit model by doubling
or halving one of the parameters, and calculating the average change in eigenfrequencies. The results
are shown in Table 6.3, in which a positive percentage indicates an increase in eigenfrequencies when
the studied parameter is doubled.

Parameter | Average change | Comments
G.p 1% Uncertainty range: [5 - 30 GPa]
Vap 0% Uncertainty range: [0.05 - 0.15]
0 3% Design range: 0.05% to 0.2% of R,
Ibs 2% Steel-steel friction range: [0.2 - 0.8]
fp 1% Model becomes unstable outside of [0.5 - 2]

Table 6.3: The sensitivity of the eigenfrequencies to doubling/halving one of the model parameters

Based on these results, the cumulative uncertainty of the found eigenfrequencies is in the range
of 10%. Especially the amount of interference of the press fit and the friction coefficient increase the
stiffness of the system, as expected.
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6.4. Deflection caused by the forces

The mechanical response of the stator system is analyzed by applying the calculated forces to the
numerical 3D model. The effect of the Power Electronic Converters has been neglected. In order to
speed up the calculations, a frequency domain analysis is used. The complex force is transformed
to the frequency domain by using a Fast-Fourier Transform in the time dimension, obtaining a magni-
tude and phase for each harmonic. By assuming the forces to be equal along the axial length of the
stator core, and by fixing the radial position to the inner stator radius Ry;, the force distribution can be
described by the angular position along the stator and the frequency:

flr,0,z,t) — f(0,w) (6.8)

6.4.1. Load application in COMSOL

The magnitude and phase for both the radial and tangential force are imported into COMSOL and
interpolated [66]. These are then used to define a Boundary Load on the stator teeth, as shown in
Figure 6.20 for the radial force [13]. It can be seen that the forces are the strongest at the edges
of the teeth, as expected from the slot harmonics. Furthermore, the figure shows that the forces are
approximately constant along the axial length; the deviations are caused by the discretization of the
structure.

x10°

Surface: Applied forces [N/m”2] s

3.5

0.5

Figure 6.20: Application of a boundary load to the stator teeth in COMSOL

6.4.2. Modal analysis in the frequency domain

To study the resulting deflection, the ‘Frequency Domain, Modal’ study step is used in COMSOL. In
this step, the previously calculated static deformation is used as linearization point, and the numerical
eigenmodes are used to create a reduced-order system. The mechanical response can be calculated
for a specified range of frequencies, which ideally includes the entire frequency spectrum of interest.
In this case, it is known that the force harmonics primarily occur at multiples of 2w,., as was shown
in Figure 4.10. In order to reduce the computation time, only these frequencies are included in the
analysis. The modal solver also allows specifying modal damping factors, but these are neglected in
this analysis.

After solving the deflection for different frequencies, the results are superimposed by summing the
solutions. The results for the press fit design are shown in Figure 6.21. The total deflection includes all
the static loads, including the strong constant radial pressure. This causes a large zeroth order deflec-
tion, shown in Figure 6.21a. Filtering out this mode results in Figure 6.21b, which consists primarily of
the solutions for 2w, and 4w,. In this solution, the 16" and 64" spatial order can be recognized, with a
displacement in the same order of magnitude as predicted by the analytical method. It is also observed
that the impact of the tangential force is negligible in this model.



6.5. Summary 54

Surface: Displacement magnitude (m) Surface: Displacement magnitude (m)
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(a) Total deflection (b) Filtering out the 0 Hz component

Figure 6.21: Deflection of the press fit model

The same forces have been applied to the design using support beams to constrain the segments,
and the resulting deflection is shown in Figure 6.22. Again, the deflection is mainly caused by the
constant pressure, which results in a displacement of 0.2 mm at the edges of the segment, shown in
Figure 6.22a. In the other subfigures, the constant pressure is filtered out. The 16" and 64" mode
can be recognized in Figure 6.22c, but it is clear that most of the deflection occurs at the unconstrained
ends of the segment. This deflection is approximately an order of magnitude larger compared to the
press fit model.

Volume: Displacement magnitude (m) Volume: Displacement magnitude (m) Volume: Displacement magnitude (m)
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(a) Total deflection, 2 supports (b) 2 supports, no 0 Hz component (c) 3 supports, no 0 Hz component

Figure 6.22: Deflection of the supported segment designs

6.5. Summary
An electromagnetic and a mechanical analysis has been performed in COMSOL. The design from
Chapter 3 has been verified, and most of the forces found agreed with the analytical model. Segmenta-
tion has been confirmed to mainly affect the cogging torque and the addition of forces with a low spatial
order.

The mechanical analysis showed the importance of the breathing mode, the segment harmonic at
m = 16 and the slot harmonic at m = 64. The tangential forces were found to have a negligible effect
on the deflection of the structure.



Experimental approach

As discussed in the previous chapter, the mechanical model contains several uncertainties, which could
lead to an inaccurate prediction of the mechanical response. This is the case for many vibration analy-
ses, which is why numerical models are often combined with experimental models. The most common
approach to combining numerical and experimental analyses is called ‘modal analysis’ [4, 24], which
is based on the modal superposition method discussed in Section 5.1.

Several mechanical parameters can only be accurately determined by conducting vibration tests,
such as the modal damping coefficients and the properties of the laminated core, as mentioned in
the previous chapter. As the required parameters cannot be extracted directly from the experimental
model, the observed vibrations are usually linked to a numerical model. By updating the parameters
used in this model, the calculated eigenmodes and their corresponding frequencies can be fit to the
observed vibrations. The goals of a modal analysis thus include conducting a representative vibration

tests, obtain accurate data about the occurring vibrations, and linking this data to the existing numerical
model.

7.1. Test setup

Figure 7.1 shows a schematic layout of a vibration test setup [2, 24, 29].

Power | Signal
amplifier | generator

Exciter

A

Clamp

Load sensor

Force E.ensor—‘

Accelerometer

[

Test piece Controller

/

Frequency Signal
analyzer amplifier

Figure 7.1: Example of a vibration test setup, based on [24, 29]
The test setup contains the following components:

» A test piece: ideally, the test piece is as close to the real generator as possible, and at least
equal to the numerical model to which it will be compared. However, it is also possible to use a
downscaled model while keeping material properties the same, as the forces per unit area will
remain the same. Furthermore, it will also be useful to test simplified components to focus on
one parameter at the time, as will be discussed in Section 7.2.

» A clamp: either a clamp to hold the test piece, or an object that represents the press fit. It is
important to measure the clamping force, as this will influence the vibration response [24, 29].
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Response transducers: piezoelectric accelerometers are most commonly used to measure vibra-
tions of the expected frequencies [28]. Multiple sensors will have to be placed on the test piece
positioned such that different vibrations modes can be distinguished. Ideally, the accelerome-
ters are placed at the peaks of the different eigenmodes predicted by the numerical model, as
described in Chapter 5.

A frequency analyzer: used to extract the vibration frequencies from the time-signal of the me-
chanical response.

* An exciter: the test piece can be moved by either a mechanical shaker, using an unbalanced
rotating mass, or by (electro)magnets, which is similar to the operating conditions of the gener-
ator. Often, these approaches are combined to create an electrodynamic shaker, in which an
alternating magnetic field is used to drive a magnet connected to the test piece [24]. Alternatively,
an impact excitation could be used, such as a hammer with a force gauge. Depending on the
location of impact, different modes can be excited.

A controller: usually a computer or an embedded controller, which determines the excitation signal.
Usually, a feedback loop from the vibration response is required, for example to limit the excitation
amplitude when the excitation frequency is close to one of the resonance frequencies of the test
piece.

» A power amplifier: the signal from the controller needs to be ampilified to drive the exciter.

7.2. Test approach

Using this test setup, a modal analysis can be performed. By using a known excitation, the Frequency-
Response Function of the test piece can be determined [24]. This represents the amplitude and vibra-
tion mode of the test piece depending on the frequency and location of the excitation. This vibration
modes then needs to be linked to the predicted eigenmodes of the numerical model, which can be
done either by hand or by using the Modal Assurance Criterion (MAC) [4]. This method calculates
the correlation between eigenmodes found from different models, based on the deflection of multiple
points on the test piece. For experimental results, these points refer to the locations of the response
transducers.

In COMSOL, there is no built-in way to implement the MAC directly, so linking numerical and exper-
imental eigenmodes will have to happen manually. However, COMSOL does enable parameter fitting
to reference results, which can be used to find the best fit for several of the mechanical parameters [32].
As only one parameter can be varied at the time, the following order of experiments is proposed:

* As first test, use only a clamped laminated core segment to determine its orthotropic material
parameters [29].

« If a press fit design is used, use a clamp that is representative of the way the core segments are
clamped in the generator: pressing on the tangential ends, and constraining the outer radius. For
a known clamping force, the numerical contact coefficients can be determined.

* By varying the clamping force, the impact of varying the interference § and thus the normal force
can be studied

« If the design using beams to support the core segments is used, the numerical model contains
fewer uncertainties, and the numerical and experimental results can be compared more easily

Once the numerical model is updated, the Frequency-Response Function can be derived. Using
this, in combination with the predicted operating forces, the expected vibrations can be calculated. As
a final experiment, the in-operation vibrations of a full model can be measured, and compared to the
vibrations predicted by the numerical model. This method has been used for full-scale wind turbines
as well [41].



Discussion and conclusions

Based on the analytical and numerical models of the electromagnetic fields and the mechanical system,
several conclusions can be drawn about the accuracy of the analytical models and the influence of
segmentation on the vibrations occurring in a large direct-drive generator. Based on these conclusions,
a few design rules can be derived.

8.1. Comparison of analytical and numerical results

An improved machine model for the ModHVDC generator has been designed, which takes into account
current loading limits, saturation and the power factor of the machine. The new model has a diameter
of 10 m, which is similar to other 10 MW Direct-Drive wind turbine generators. The numerical model
in COMSOL verifies the analytical design of Chapter 3, as the machine shows the expected induced
voltage and power level, without resulting in strong saturation in the stator teeth. This convergence in
results gives confidence in the accuracy of the electromagnetic design of the generator.

Using this updated model, the electromagnetic flux density and the resulting forces were found to be
accurately predicted by the analytical model for the unsegmented machine. Segmentation of the stator
was found to have two important effects which were both only partially predicted by the analytical model:
the addition of low-spatial order forces and an increase in the cogging torque. Both will be discussed
in the next section.

In the mechanical analysis, the analytical ring models were found to provide a good first-order
estimate of the eigenfrequencies for the stator core and frame. For the press fit design, the mechanical
response was found to be close to that of the frame alone, and thus the analytical ring model could
be used to analyze the press fit design as well. This cancels the need for complex contact analyses
as performed in Chapter 6. For the design using beam-supported segments, no analytical model was
found, and numerical analyses are always recommended due to the strong dependence on boundary
conditions such as the location and size of the beams.

8.2. Conclusions

With the analytical and numerical analysis described in the previous chapters, the research questions
posed in the introduction can be answered.

8.2.1. Resulting forces

A large part of the forces occurring in the ModHVDC generator are coming from sources that are not
directly related to the segmentation of the stator. First of all, the fractional-slot concentrated windings
that are required to disconnect the segments lead to large forces at a low spatial order both due to the
subharmonics in the stator field and due to the slot harmonics. Both of these forces have a fundamen-
tal spatial order of 2F; = 2gcd (N, p). Secondly, the open slots that are required for a high-voltage
machine result in strong changes in the relative air gap permeance, increasing the slot harmonic ampli-
tude. These two aspects of the design lead to a rich harmonic spectrum in both the radial and tangential
forces.
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8.2.2. Influence of segmentation on the forces

Segmentation of the stator was found to have two important effects: it causes a change in relative
permeance in the same way slots do, and acts as flux barrier to the magnetic fields inside the stator.
This leads to two main changes in the forces occurring in the machine:

» The gaps between the segment produce additional harmonics, with spatial orders at multiples
of the number of segments. The numerical model shows a stronger effect than predicted by
the analytical model. Upon inspection, it was found that these additional segment harmonics
were partially caused by the armature reaction flux density harmonics, while the analytical model
predicts they are primarily caused by the interaction of the permanent magnet field and the change
in permeance at the segment gap. Itis expected that this is caused by the change of the flux path
in the back iron, which was not taken into account by the analytical method.

+ Segmentation leads to an increase in cogging torque, and increases further with a larger gap
between the segments. However, the cogging torque is increased even for an infinitesimally
narrow gap, which cannot be predicted from the analytical model.

Increasing the width of the gap between the segments was found to primarily increase the cogging
torque, but did not affect other aspects such as the output power.

The flux barrier between the segments was found to affect the mutual inductances between phases
as well. While the mutual inductances between segments is reduced, the mutual inductance of some
phases within one segment is increased. This means that for multi-phase segments, the fault tolerance
to winding failures is not improved for each individual phase, as is the case for segments with only one
coil [46]. Overall, the mutual inductance remains very low due to the use of non-overlapping windings.

8.2.3. Influence of power converters

An initial analysis showed the importance of taking into account the time harmonics in the current
resulting from the use of Power Electronic converters. Even with a small amplitude, current harmonics
lead to a significant increase in the breathing mode and torque ripple. The use of multiple smaller
converters in the case of a modular machine helps to select a higher switching frequency and thus
prevent resonance of the mechanical breathing mode.

8.2.4. Mechanical response

The mechanical analysis of the machine showed considerable uncertainty, due to unknown parame-
ters and a strong dependency on the exact boundary conditions used. In general, it was found that
segmentation reduces the stiffness of the stator system, as expected. This reduction is limited in the
case of a press fit, as the frame and stator core still act as a single component and the segments are
tightly held in position. For a design using beams to support the segments, the stiffness is reduced
further, leading to lower eigenfrequencies and larger deflections.

The most important vibrations for this machine are the breathing mode, the 16! radial order, caused
by segmentation, and the 64" radial order, caused by the slotting effect. The first two vibrations are
important due to the risk of resonance, as the excitation frequency is close to the natural frequency
of the system, while the latter is important due to the large amplitude of the slot harmonic for open-
slot concentrated windings. Although the deflection caused by these modes is larger for the beam-
supported segments than for the press fit, neither design has been found to be prohibitive. This will
need validation from experimental analyses due to the uncertainty of the mechanical models. Finally,
the tangential forces were found to have a minor influence on the vibration of the stator.

8.3. Design recommendations

Based on the analysis performed in this thesis, several design recommendations can be derived for
further development of the ModHVDC generator:

» Both the press fit design as well as the beam-supported segments were found to be feasible
designs. The choice of one over the other will depend on the required amount of cooling, the
possibility of insulating the stator-frame interface, and the feasibility of building a press fit at the
required scale.
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 Although the cogging torque is increased by segmenting the stator, it remains below 1% of the
nominal torque. No skewing is required to reduce the cogging torque.

+ As the 16™ radial force order is increased by segmentation and can lead to large deflections, it
is recommended to choose a design that has a high stiffness in this mode. For the considered
cases this rules out the 2-beam design, while the 3-beam design is preferred.

» The switching frequency of the PE converters should be selected while taking into account the
natural frequency of the breathing mode and the spatial orders 2F} and 2p. The best strategy is
to choose a switching frequency much larger than the natural frequency of the breathing mode,
and far below the 2F; and 2p modes.

8.4. Future work

First of all, the analytical model can be improved by computing the winding factors of the segmented
stator core numerically, as has been done for other unconventional stators [34]. This can also include
the change in flux pattern in the stator core, including the focusing or defocusing effects of the flux
barriers between the segments [20, 46].

The analytical model can also be improved by linking a Power Electronic converter model to the
magnetic field calculations, including a PWM current controller. This will give a more realistic analysis
of the impact of the time harmonics in the current on the breathing mode and torque pulsation. A
PE converter model has already been developed for the ModHVDC machine [25]. When such a PE
converter model is implemented, it could also be interesting to research active noise control by injecting
currents that cancel out dominant vibrations modes [28]. For the ModHVDC Generator in particular, this
could be done by phase-shifting the carrier signals of the modules in order to reduce the ripple in the
torque and thus DC output [23].

The mechanical models can be improved by updating the uncertain parameters as discussed in
Chapter 7. This can validate the eigenfrequencies of especially the 01", 16" and 64™ radial modes,
which are at risk of excitation. The experiments are also required to determine modal damping factors
in the COMSOL models, as these are uncertain for the laminated cores and the interference fit.

Apart from improvements to the used models, there are also several aspects that are interesting to
research, which fell outside of the scope of this thesis:

* Add a more detailed model of the beams. In the case of beams supporting the segments, a
more elaborate model of these beams needs to be included in the vibration analysis. While the
tangential forces have a limited influence on ring-shaped structures, they could result in tangential
vibrations in the beams, moving the segments towards each other.

» Research the influence of unequal gaps between the segments. Even though manufacturing
tolerances of laminations are below 0.1 mm [70], small asymmetries in w,,,, for different segments
can lead to an increased cogging torque at a lower frequency [87].

» Analyze non-nominal cases. If one module fails, and the ModHVDC generator continues to op-
erate with one or two modules inoperative, strong m = 1 or m = 2 forces will be created in the
machine.
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Explanation of Maxwell’s stress tensor

The Maxwell stress tensor is a key aspect of the research conducted in this thesis. Its derivation is
shown here, including a brief explanation of tensor notation."

A.1. Motivation

As is well known, electromagnetic fields can be described by 4 laws: Maxwell’s equations, shown in
Table A.1.

Table A.1: Maxwell's equations in differential form

Gauss’s law V-E= % Relates the electric field to the electric
charge distribution

Gauss’s law for magnetism V-B =0 States that magnetic monopoles do not exist

Faraday’s law of induction V x E = —% Relates the induced electrical field to the
time derivative of the magnetic field

Ampére circuit law V x B = pod + uoeo% Relates the magnetic field to the electric cur-
rent

Maxwell’s stress tensor combines these equations into one tensor equation, which can be used
to calculate the normal and shear stresses in a field. Tensor notation is well suited to include many
different quantities in a field in a very concise manner.

A.2. Introduction to tensor notation

Tensors can be considered as indexed objects, mapping scalars and vectors. In fact, scalars and
vectors are the simplest examples of a tensor. Many well-known concepts from calculus and linear
algebra are included in tensor algebra, but are written in a different way, the index notation, by the
conventions of Ricci calculus. In the field of engineering, the main focus is on tensor fields, which are
often simply referred to as tensors. In a tensor field, a tensor is assigned to each point in space.

The number of indices indicates the order of the tensor; a vector a has order 1, as it can be repre-
sented as a 1-dimensional array, while a matrix B has order 2. In tensor notation, this becomes

a; A\ Aij
The power of the tensor notation is that each entry of a tensor in an equation is considered simulta-
neously, in order to represent systems of equations with a single tensor equation. Furthermore, several

shorthand notations exist for complex operations. For example, by the Einstein summation convention,
each repeated index is implicitly summed over:

"Relevant sections from https://www.continuummechanics.org/tensornotationbasic.html are used to explain tensor
notation. The reader is referred to this page for more information.
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a7b, = a1b1 + agbg + a3b3 (A1)

Which represents the inner product of a and b.

The Kronecker Delta §;; serves a similar purpose as the identity matrix I, because it equals 1 when
1+ = 7 and is 0 otherwise. It can be thought of as a single entry of the identity matrix, as it takes a scalar
value depending on its indices.

The alternating tensor ¢;;;, is used to represent cross products. Its components are

€123 = €231 = €312 = 1 A €321 = €213 = €132 = —1
With all other components zero. The cross product ¢ = a x b corresponds to ¢; = €;;;a;bx, which is

expanded below to give an example of a tensor equation and its power. Because j and k are repeated,
they are summed over. This leads to

¢ = €ijpaiby = €11a1b1 + €512a1b2 + €513a1b3 +
€:210201 + €;22a202 + €523a2b3 + (A.2)
€:31a3b1 + €;32a3b2 + €;33a3b3

This still holds true for all 7. Setting : = 2 as example, many terms equal zero and the equation yields

Cy — €2j}€aljbk = agbl — a1b3 (A3)

which is the expected value of the second term of the cross product (and similar for the other values
of ). This shows how a single tensor equation can contain a significant amount of information.

Second-order tensors are common in physics and engineering, and can be represented in the more
recognizable form of matrices. This is called a dyadic, and can be considered as the expanded form
of a tensor. It is represented by a double arrow accent, such as the unit dyadic below:

R 1 0 0
I =1010 (A.4)
0 01
The dyadic product (or outer/tensor product) of two vectors is defined as
ay a161 CL1b2 a1b3
‘C=awgb=ab = |ay| (by by bs) = |asby asby asbs (A.5)
as 11361 a3b2 CLgbg

In tensor notation, the dyadic product is written as

Cij = aibj (A6)
As a last part of the introduction to tensor notation, partial derivatives of a tensor are often repre-
sented by comma notation. The vector derivative %"j is represented by v; ;, and the tensor derivative
E?T"; by oi;,. The divergence of a vector is a scalar, and is written as
vy, = v Ove | Ous
b 8581 8352 8933
The sum over the derived components is implicit in the above notation, as ¢ was repeated as sub-
script. Finally, the divergence of a tensor field is used in the force equation that will be derived later.
For a symmetric second-order tensor A (such as Maxwell’s stress tensor), the divergence is defined as

(A.7)

E)Au 01412 aAlS
a.’L‘l + 8.’[2 + amg

divA =V A=Ay e, = | Gz 4 Gz 4 Odas (A.8)

6A31 8A32 BASS
Oz + Oxo + Ox3

Which thus results in a vector with three components. This concludes the discussion on the required
concepts of tensors and their notation, which can now be applied to Maxwell’s equations.
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A.3. Derivation of the conservation laws

This derivation is based on the one found in Classical Electrodynamics by J. Jackson [40].
Starting from the Lorentz force law

F=¢(E+vxB) (A.9)
The force per unit volume equals
f=pE+JxB (A.10)
Using Gauss’s law and Ampére’s law to write the force entirely in terms of fields:
f=¢e(V E)E+M—(VXB)XB—50%XB (A.11)

The time derivative of the electric field is than rewritten in terms of the Poynting vector, S = lj E x B.
The Poynting vector represents the energy flux (energy transfer per unit area per unit time) of the
electromagnetic field. It is found in Poynting’s theorem, an energy-conservation law, which states that
within a volume the negative time rate of change of electromagnetic energy density equals the energy
flowing out its surface plus the work done by the electric field [40]:

ou
- = S+J-E A.12
o =V-8+ (A.12)
This equation does not take into account non-linear effects such as hysteresis.
Returning to Poynting’s vector, its time derivative can be written out and combined with Faraday’s law
of induction as

) OE OB OE
S(ExB) == xBH+Ex = = Z2 xB-Ex (VxE) (A.13)

which can be substituted into the equation for the force

f=e(V- E)E—&——(V x B) x B—€0g (ExB)—¢Ex (VxE) (A.14)
Ho

Gathering terms with E and B shows that the equation is not entirely symmetric, as is desired when
writing the equations in tensor notation. As Gauss’s law for magnetism states V - B = 0, the term
making the equation symmetric can be inserted

fZE()[(V'E)E—EX(VXE)}—‘r—i[—BX(VXB)}—G()(‘3

m 5 (ExB) (A.15)

f:eo[(V-E)E—Ex(VxE)]—I—%[(V-B)B—Bx(VxB)]—eog(ExB) (A.16)
0

Using the vector calculus identity 2V(A - A) = A x (V x A) + (A- V)A to remove the curls gives

1 1 1 1o}
f=c((V-EJE+(E-V)E|+ - [(V-B)B+(B:V)B)| - 5V (60E2 + MOB2> ~co5; (E x B) (A17)

This now contains all information to calculate the force at any location, but the equation is lengthy.
The Maxwell stress tensor is introduced here as
1 9 1 1 9
05 = €0 ELEJ - *6,‘jE + — BiBj - *57‘,]'3 (A18)
2 120} 2
With its dyadic
60E2 + ﬁBQ PARN

5 (A.19)

1
o =cE®E+ —B®B—
Ho
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Using the Maxwell stress tensor and the definition of the Poynting vector then makes it possible to
write Eq. A.17 in a very concise way:

V-9 :f—f—eouoaa—? (A.20)

Eq. A.8 showed that the divergence of a second order tensor is a vector; the above equation is thus
a vector equation. It is a statement about the conservation of momentum:

» From Newton’s second law, f is the time rate of change in momentum density

» The second term on the right-hand side represents the change in electromagnetic momentum of
the field, which is proportional to the energy-flux density S [40]

+ Finally, the divergence of Maxwell’s stress tensor thus represents the momentum flux density.
The tensor itself represents the force per unit area, which is mechanically equivalent to pressure
or stress

The implications of this equation become clearer when written in integral form for the force F, and
when the time derivative of the Poynting vector is assumed to equal O:

F:///Vde:///VV~<?dV:#9<?-dS (A.21)

Where in the final step, the divergence theorem was used. In other words, the force per unit area
(pressure, or stress) resulting from the electromagnetic field equals the relevant component of the
Maxwell stress tensor.

A.4. Applications

In motors and generators, the following simplifications are often used:

» The time derivative of the Poynting vector is neglected, as mentioned before
» The electric field is neglected
» Radial coordinates are used

Neglecting the electric fields gives

_Y(pp _Ls g2
UU_MO<BZBJ 25”B> (A.22)

And using radial coordinates (radial and tangential) simplifies this further to

1 1
Opt — — (BTBt - drtBQ) (A23)
Ho 2

Now, the force per unit area dF' in the radial and tangential (shear) direction can be derived. The
radial force components correspond to the normal components of the force, and thus the diagonal
components of ro

1 1 1 1 1 1
F,=—(B*~--1-B*)=— (B>~ _-B?>-_-B} )| = — (B>~ B?} A.24
dl" M0<7 2 ) uo(r 27" 2t 2u0(r t) ( )
Similarly, the tangential or shear forces equal the off-diagonal components of ‘o
1 1 ) 1
dF, = — (B.,B,—=-0-B?) = —B,.B, (A.25)
Ko 2 Ho

These two final results are often used in the analysis of forces inside a motor or generator.



Relative permeance due to slots

The procedure for introducing the effect of the stator slots into the magnetic flux density calculations
is described in [96]. It consists of introducing a relative permeance which modulates the nominal air
gap permeance, which is calculated by a conformal transformation of the slotted stator to an equivalent
slotless stator. In this way, the tangential component of the flux density at the stator teeth and the
change of the radial permeance at the slots can be taken into account.

By means of 4 conformal transformations, the set of equations as shown below is obtained, which
uses the geometric parameters for a slot as shown in Figure B.1. For a given radial coordinate
s(r,0) = rel?, Equation B.1 is solved numerically for w. To avoid singularities, the complex perme-
ance is calculated for r = R, — ¢, a position just below the stator inner radius. When w is found, A can
be found using Equation B.8 and B.9.

ZI'ﬂSZ]% In|1ji\fln|§;i—gf2%arctan% +C (B.1)
p=Z:Z (B.2)
C =InR,+ jb, (B.3)
/ /N 2 ?
b= ;—go,Jr (;;,) +1 (B.4)
a= % (B.5) g =In % (B.6) b, =0y — 6, (B.7)

0, - slot pitch angle

Figure B.1: The geometric parameters used to calculate the relative permeance[96]
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A= —— (B.8)

(g 0s
k= Ryel (5 nut) (B.9)
As )\ is a complex value, it can be written as

A=A+ N (B.10)

By calculating \ for a range of angles 6 over the period of 1 slot pitch 6, the complex function \(9)
is found. This function can then be expressed as a Fourier series using a discrete Fourier transform:

N
Ao =0+ > Aai COS (iN,0) (B.11)
1=1
N
Ay =) Ay Sin (iN.0) (B.12)
=1

In which N, is the number of terms considered in the Fourier series. The solution has been verified
with other available methods.[28] It was found that in the MATLAB implementation the easiest way to
obtain A\,; and \,; was to take the real part of the Fourier transform of )\, and the negative imaginary
part of the Fourier transform of )\, respectively, resulting in the solutions shown in Figure B.2.

Real part of the complex permeance 1 Imaginary part of the complex permeance

Exact Exact
161 = = = Fourier series | — = = Fourier series

Relative permeance
Relative permeance

0.4 \ \ \ \ \ \ \ | 1 . . . . , , , ,
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
Angular position [rad] Angular position [rad]
(a) Real part (b) Imaginary part

Figure B.2: The relative permeance for one slot, including its Fourier series approximation
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