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Abstract

Direct drive wind turbine generators with superconducting excitation winding

are studied with focus on the electromagnetic damper design. A semi-

analytical eddy current model is built for parametric design studies based on a

vector potential approach. The considered generators employ open stator slots

and exhibit strong saturation effects, so that an analytical expression for the

source terms is not adequate. Whilst the field equations are solved analytically,

an equivalent current loading, accounting for slotting effects and saturation, is

obtained by magnetostatic models applying the 2D finite element method

(FEM). The proposed framework for the extraction of the current loading is

universal and may also be applied to other machine types (e.g., permanent

magnet synchronous machines, [PMSM]). In relation to transient FEM

models, a considerable time-saving can be achieved, which is particularly ben-

eficial in case of large models, for example, in case of fractional slot windings

or intermittent feeding schemes. The eddy current loss in warm and cold rotor

parts in a direct drive generator in the 7 MW power class are computed with

the semi-analytical and transient 2D FEM models under variation of the

damper geometry and the stator winding configuration. Minimum damper

dimensions as well as constraints regarding applicable stator windings are

derived.
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1 | INTRODUCTION

Large direct drive wind turbine generators (≥7 MW) abandon the gear and the corresponding maintenance at the cost
of a strong increase in generator size and material usage (slab-like designs). Recent developments, especially in the
market for offshore applications, are characterised by an ever increasing rated unit power. One limitation of this
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trend consists in the restricted installation space for the electric generator as well as in the mass located in the
nacelle. Direct drive solutions generally also exhibit a lower efficiency than high speed generator designs.1 Commer-
cially available direct drive generators are nowadays excited by permanent magnets (PMs), which restrict efficiency
and torque density from a cost-oriented perspective in regards to the material usage. In this context, high temperature
superconducting (HTS) excitation windings may allow for more compact generator designs,2 which come along with
higher overall efficiency (�95%), larger power factor and reduced costs for constructive measures. The excitation
windings require long tape lengths (l � 500 m), which are to this date still rather expensive (p' � 80…100
EUR/[kA m]). Moreover, the HTS excitation technology competes with the well-established PM excitation,3 so that
generator designs with minimum usage of HTS material are most promising. This requirement implies ferro-
magnetic rotor parts, a stator winding in slots and stator winding configurations with maximum fundamental wind-
ing factor kw,1.

The pole pair of an exemplary HTS generator is shown in Figure 1. Employing a cold rotor iron is in favour of a sim-
pler cryostat design and improves the thermal stability. In spite of the large effective air gap width, the proximity to fer-
romagnetic parts, which determines the local magnetic field conditions of the HTS excitation winding, and the possibly
large content of stator field harmonics imply the requirement for an electromagnetic damper screen, which is attached
to the cryostat wall.2

A suitably designed damper screen ensures a reduction of AC loss in the HTS winding to sufficiently low
values, protects the field winding from overcurrents, improves the generator's transient stability and leads to a
reduction of the eddy current loss in massive cold rotor parts, which must be removed by the cryogenic cooling
system. These requirements must be fulfilled by also limiting the loss in warm parts (cryostat wall, damper) at
nominal operation. From these requirements, this work focuses on the eddy current loss in cold and warm parts.
In order to prevent additional complexity, a simple forced air cooling of the damper and the cryostat wall is most
suitable. This limits the admissible loss due to the heat transfer restrictions and leads to the requirement to ensure
a sufficiently low temperature at the warm side of the multi-layer insulation (MLI) equipped heat flux path to the
cold rotor parts.

The computation of the eddy current loss in large finite element method (FEM) models is however time consuming,
already in case of 2D models: Free eddy currents pose challenges in terms of sufficiently fine meshs, short time steps
and long settling times. Preliminary design considerations require therefore a fast alternative, which accounts for all rel-
evant effects. Results from magnetostatic 2D FEM models without eddy current reaction may therefore serve as input
for a fast, analytical eddy current loss model.

FIGURE 1 Model section covering one pole pair of the high temperature superconducting (HTS) generator. The 2D finite element

method model is set up with the software JMAG 20. The considered HTS generator design employs a cold rotor yoke and cold pole cores as

wel a conventional stator winding in slots.
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2 | SEMI-ANALYTICAL EDDY CURRENT MODEL OF HTS GENERATORS

This section is on the semi-analytical electro-magnetic field model, which allows for the computation of theddy current
loss in cold and warm parts by accounting for the cylindrical geometry. The analytical computations are implemented
in MATLAB whereas the magnetostatic 2D FEM simulations are set up with the free software FEMM.4

2.1 | Analytical electromagnetic field model

The analytical electro-magnetic field model is based on the vector potential approach and assumes translational invari-
ance in z-direction: ∂z Az ≡ ∂ Az/∂z = 0, 8 z. The model is rotationally symmetric implying the use of polar coordinates
r, γ (in mechanical degrees). This simplification implies only approximate results but is justified for the following
reasons:

1. The stator slotting is incorporated by using an equivalent current loading that is obtained by a FEM simulation with
a slotted stator structure.

2. The rotor poles are highly saturated by the fundamental of the main flux. From a simplified air-gap field harmonics'
perspective, there is only a small variation (μr = 1…10) of reluctance in circumferential direction.

3. For the considered stator winding configurations, the wave lengths of air-gap field harmonics is small compared to
typical pole dimensions. This allows for a simple scaling by the pole width of the computed eddy current loss in the
pole region during a subsequent step.

A generalisation to a model without rotational symmetry is discussed below, but comes along with a higher compu-
tational effort, which is not justified for the considered application. The model involves 9 regions and is shown in
Figure 2. A generalisation to less/more regions is straight-forward as shown by Anglada et al.5 The constituting field
equations are solved for each region separately, whilst the continuity relations for the normal component of the flux
density Br and the tangential component of the magnetic field strength Hγ fix the remaining degrees of freedom. The
low frequencies in the order of f � 5 Hz (fundamental)…150 Hz (relevant harmonics) allow to neglect any displacement
currents. The model assumes linear material properties, which represents a major disadvantage of the analytical com-
putation. Saturation effects are however partially contained in the equivalent current loading.

Combining Faraday's law of induction and Ampére's law yields (1) (SI units). The source term is represented by the
current loading at the stator bore and consequently enters via the continuity relations. The translational symmetry
implies a current loading K

!
with out-of-plane orientation: K

!¼K � e!z. This translates to E
!¼Ez � e!z and A

!¼Az � e!z.

r� μ�1 �r�A
!� �

¼�κ � ∂tA
! ð1Þ

FIGURE 2 Schematic visualisation of the equivalent generator model for the computation of the eddy current loss in cold and warm

rotor parts. The assigned material properties are listed in Table 1.
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Without loss of generality, the current loading can be represented by its two-dimensional Fourier transform (2)
where δ(r) denotes the Dirac delta function and ω = 2πfs is the electrical angular frequency. The spectral domain is
spanned by the absolute space order ν (fundamental: ν = p) and time order k.

Kz r, γ, tð Þ¼
X
ν

X
k

Kν,k �δ r� rsið Þ � ej � ν � γþk �ω � tð Þ ð2Þ

The time harmonic excitation (2) implies also a time harmonic evolution of all field quantities according to (3). The
superscript n refers to quantities in region n.

An
z r, γ, tð Þ¼

X
k

An
z,k r, γð Þ � ejkωt ð3Þ

By using the coulomb gauge r�A!¼ 0, the Helmholtz equation (4) for contributions of time order k can be derived.
In case of rotating regions, the effective time order k must be used.

ΔAn
z,k r, γð Þ� j �kωμnκn �An

z,k r, γð Þ¼ 0 ð4Þ

The separation of variables implies an ansatz as series of harmonics according to (5).

An
z,k r, γð Þ¼

X
ν

Rn
ν,k rð Þ � e j � ν � γ ð5Þ

Inserting this ansatz in (4) yields (6). Here, we give the general expression that allows for a variation of the conduc-
tivity κ in circumferential direction (e.g., highly saturated poles separated by pole gaps or surface-mounted PMs).

X
ν

∂2r R
n
ν,k rð Þþ1

r
� ∂r Rn

ν,k rð Þ�ν2

r2
�Rn

ν,k rð Þ
� �

� e jνγ� j �kωμn �
X
ν, ν0

κnν0 �Rn
ν0,k rð Þ � e j νþν0ð Þγ ¼ 0 ð6Þ

Equating coefficients of equal phase leads to a system of coupled differential equations, which can be written by
using matrix notation (7). Here, Nn is a diagonal matrix whereas Mn contains off-diagonal coupling terms. The
diagonalisation of the coupling matrix is straight-forward and leads to equivalent equation systems but is not within
the scope of this work. It may, however, widen the field of application, if the aforementioned simplifications are not
justified.

∂2r R
!nþ1

r
� ∂r R!

n� 1
r2

�NnþMn

� �
R
!n ¼ 0 ð7Þ

In case of constant conductivity in all regions, there is no coupling and the differential equation in the form (8) can
be solved for each space order ν separately. These equations are solved by (9), where Iν and Kν are the modified Bessel
functions of first and second kind with order ν.

∂2r R
n
ν,k rð Þþ1

r
� ∂r Rn

ν,k rð Þ� ν2

r2
þ j �kωμnκn

� �
�Rn

ν,k rð Þ¼ 0 ð8Þ

Rn
ν,k rð Þ¼ Cn

ν,k � Iν ϑnk r
� �þDn

ν,k �Kν ϑnk r
� �

, for κn ≠ 0

Cn
ν,k � rνþDn

ν,k � r�ν, for κn ¼ 0

(
ð9Þ

The coefficients Cn
ν,k, D

n
ν,k are fixed by continuity and boundary conditions (finite field quantities for r! 0 and

r!∞), whereas the parameter ϑnk , (10), determines the penetration into the respective conductive region. Again, the
time order that is effective in region n must be used.

ϑnk ¼
ffiffi
j

p
�kωμnκn ð10Þ
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The preceding set of equations results in a linear system of equations for the coefficients Cn
ν,k, D

n
ν,k. Field quantities

can be derived from the vector potential, e.g., the magnetic flux density (11) entering the continuity conditions.

Bn
γ r, γ, tð Þ¼�∂r A

n
z r, γ, tð Þ¼�

X
ν

X
k

∂rR
n
ν,k rð Þ� � � e j � ν � γþk �ω � tð Þ ð11aÞ

Bn
r r, γ, tð Þ¼ 1

r
� ∂γAn

z r, γ, tð Þ¼
X
ν

X
k

j
ν

r
�Rn

ν,k rð Þ � e j � ν � γþk �ω � tð Þ ð11bÞ

The time-averaged power transfer in radial direction is determined by means of the Poynting vector S
!¼ E

!�H
!

according to (12). The eddy current loss in region n is determined by subtraction of in-flow and out-flow power at the
region boundaries.

P
n
Ft rð Þ¼ f s �

Z 1=f s

0
dt
Z 2π

0
rdγ

Z L

0
dzSnr r, γ, tð Þ¼�2π �L � r � kω

μn

X
k

X
ν

Im Rn
ν,k rð Þ � ∂r R

n
ν,k rð Þ� ��	 
 ð12Þ

MATLAB allows to solve the resulting system of equations either by means of symbolic variables or by applying
numerical schemes. The latter come along with a huge time-saving and are therefore used in this study. Still, the imple-
mentation may face challenges regarding numerical stability in case of large absolute values of space order jνj and large
generator diameters.

The material properties used for the analytical model are listed in Table 1. The high relative permeability of stator
yoke ensures that the correct tangential field Hγ is impressed by means of the equivalent current loading K. The chosen
permeability of the rotor yoke is based on the assumption of moderate saturation in this flux path section and has only
minor influence on the eddy current loss. The temperatures of the cold rotor yoke and poles are chosen in accordance
with a reasonable range of the HTS op temperature. It should be mentioned, that a complete description of the eddy
current model requires a three-dimensional model setup, which is not within the scope of this work. It rather aims for
a fast eddy current model suited for parameter studies, from which qualitative and, within some tolerance, quantitative
results can be drawn. 3D effects are incorporated in the study by adjusting the conductivity values listed in Table 1 by
end-effect factors to an approximate effective value.6

2.2 | Determination of the equivalent current loading

The air gap field harmonics, causing the eddy current loss, comprise both stator field harmonics and rotor field
modulations due to the slotted stator. In this sense, the origin of harmful field harmonics is geometrically located
at the stator inner surface. To approximately reproduce the field configuration in the analytical model, it is suitable
to impress the tangential magnetic field strength Hγ at the stator bore. For a sufficiently large stator permeability
(13) holds.

TABLE 1 Material properties in the analytical electromagnetic field model

κ/(MS/m) μr

Stator core 0 1000

Air gap 0 1

Cryostat wall (AISI 304 L) 1.31 1

Damper (Cu, ϑ = 70�C) 48.15 1

MLI 0 1

Pole region (FeNi9, T = 30 K) 8.268 1

Rotor yoke (FeNi9, T = 30 K) 8.268 1000

Interior (Air) 0 1

Abbreviation: MLI, multi-layer insulation.
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Hγ r¼ r�si , γ, t
� �¼Kz r¼ rsi, γ, tð Þ ð13Þ

The component Hγ is extracted from a series of magnetostatic 2D FEM simulations with the free software FEMM.
An exemplary model together with the magnetic flux lines at nominal operation are shown in Figure 3A for a short-
pitched stator winding with q = 2, W/τp = 5/6. The magnetostatic model comprises an entire winding scheme
corresponding to γel = 2π. Several simulations for Nt time steps (e.g., Nt = 201) within one fundamental period Ts = 1/
fs are carried out, where the rotor is successively moved. The tangential field is evaluated along the red contour and is
visualised in Figure 3B in a two-dimensional representation (stator reference frame). The moving stator poles as well as
the stationary modulation due to the stator slotting can be observed.

A 2D discrete Fourier transform yields the corresponding spectral representation,7 which is shown in Figure 4. This
spectrum is related to the one of the current loading Kν,k via (13). An analytical approach for the stator current loading,
for example, following Štěpina,8 would yield the well-known spectrum with contributions for relative space orders

FIGURE 3 (A) 2D finite element method model of the high temperature superconducting generator built in FEMM with evaluation

contour in red, (B) two dimensional (time t, circumferential angle γel) representation of the tangential component of the magnetic field

strength Hγ γ, tð Þ, stator winding: q = 2, W/τp = 5/6 (Stator reference frame)

FIGURE 4 2D spectral representation of the magnetic field strength tangential component Hγ at the stator bore. The component Hγ

corresponds to the impressed current loading in the analytical eddy current model, where k = 1 corresponds to a time evolution with

electrical frequency fs. Stator winding: q = 2, W/τp = 5/6 (stator reference frame)
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jν'j = 1, 5, 7, 11, 13, 17, 19, … and time order jkj = 1. Here, the combination of signs of space and time order determines
the sense of rotation, where for example the combinations ν0 ¼þ5, k¼�1f g and ν0 ¼�5, k¼þ1f g together represent
one air gap field harmonic. The slot opening as well as saturation effects lead to additional harmonic contributions.
Harmonics with ν' = k rotate, however, synchronously without contribution to the eddy current loss, whereas the con-
tribution by field harmonics like �9, ∓3f g would not be covered by a model which includes entirely analytical current
loading source terms.

As the eddy current reaction is neglected in the first step, the Fourier coefficients Kν,k must just be determined once,
if several damper geometries should be studied. Different dampers with accordingly varying eddy current reaction are
hence subject to an air gap field that is excited by the same current loading. This approximation is based on the assump-
tion that the eddy current reaction field at the stator bore is much smaller than the field harmonics that give rise to
eddy currents flowing in the rotating parts.

2.3 | Considered HTS generator design

The main data of the considered HTS generator designs is listed in Table 2. Based on the required output power and sta-
tor nominal voltage, the current angle, the excitation current If, the number of turns of the excitation winding Nf and
the number of turns per phase Ns (stator) are adjusted by following an iterative procedure.9

Different stator winding configurations contribute to the eddy current loss in three ways:

1. The number of slots per pole per phase q and the pitching W/τp directly determine the content of stator field
harmonics.

2. The winding factor of the fundamental, torque-producing field wave kw,ν' = 1 determines the required rotor field for
constant output power. The rotor field is modulated by the permeance modulation of the slotted stator, so that a
higher rotor field increases the eddy current loss considerably.

3. The number of slots per pole per phase q influences the spectrum of the permeance modulation (open slots with slot
opening sQ) with regard to occurring harmonics as well as to their amplitude. This effect is especially important as
the distance from the stator bore to the cryostat wall should be small from a cost-oriented perspective (required HTS
material).

The operating temperature of the HTS excitation winding is chosen as TSC = 30 K in order to ensure a sufficiently
high utilisation of the HTS material. A thermal model of the cryogenic parts yields temperatures of the cold rotor yoke
and of the rotor poles that differ slightly from the target temperature with only minor influence on the magnetic and
electric properties affecting the eddy current loss.

TABLE 2 Fixed high temperature superconducting generator data serving as input for the iterative design process.

Fixed HTS generator data serving as input for the iterative design process

PN MW 7

UN V 690

IN A 6180

Cos φNð Þ — 0.95

nN rpm 10

fN Hz 7.33

ms — 3

2p — 88

dso mm 6691

L mm 1137.5

δgeom mm 8
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2.4 | Comparison to 2D FEM simulation results

The eddy current density in the cryostat wall and the damper screen is visualised in Figure 5B in case of a stator winding
with q = 1, W/τp = 1 for one pole pair. This stator winding gives rise to a maximum content of air gap field harmonics for
a clear visualisation. The transient FEM simulation runs for several hours, whereas the semi-analytical model provides
results within less than 5 min on the same machine, corresponding to a time saving by a factor in the order of �50…100.

The semi-analytical model yields an eddy current distribution in warm parts that agrees qualitatively and quantita-
tively well to the results of the transient 2D FEM simulation. Pronounced eddy current waves with relative space orders
ν' = ν/p = ±5, ±7 in the damper and the cryostat wall can be observed:

1. The localisation of the coil sides in slots gives rise to slot harmonics with lowest relative space orders ν' = ±5, ±7.
(Combinations: ν0 ¼�5, k¼ ∓1f g, ν0 ¼�7, k¼�1f g in stator reference frame)

2. The rotor field with fundamental of orders ν' = ±1, k = ±1 (synchronous rotation) is modulated by a permeance
function λ γð Þ with 6 periods per winding scheme, yielding prominent air gap field harmonics according to (14).

B Rð Þ
� ¼ Bþ1,þ1 � ej γþωtð Þ þB�1,�1 � e�j γþωtð Þ

h i
� λþ6,0 � ej6γ þλ�6,0 � e�j6γ
� �

¼B Rð Þ
þ1,þ1 �λþ6,0|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
≕ B�,þ7,þ1

� ej 7γþωtð Þ þB Rð Þ
�1,�1 �λ�6,0|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
≕ B�,-7,-1

� e�j 7γþωtð Þ þB Rð Þ
þ1,þ1 �λ�6,0|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
≕ B�,-5,þ1

� ej �5γþωtð Þ þB Rð Þ
�1,�1 �λþ6,0|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
≕ B�,þ5,-1

� ej 5γ�ωtð Þ ð14Þ

FIGURE 5 (A) Analytically computed flux lines of air gap field harmonics for a stator winding with q = 1, W/τp = 1 based on the eddy

current calculation. The rotor poles are not explicitly modelled but visualised for a better understanding. (B) Comparison of the

corresponding eddy current distribution in the damper screen and the cryostat wall for the 2D finite element method (FEM) model

i0mplemented in JMAG 20 (top) and the semi-analytical model (bottom).
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The eddy current loss induced by the modulation of the rotor field fundamental constitutes a major contribution to
the overall eddy current loss, which is already present at no-load operation. This effect can be attributed to the high
rotor field in HTS generators and to the open stator slots. The choice of sufficiently high q constitutes the reasonable
measure to cope with this loss component in spite of the marginally increasing rotor field. The dominant harmonics
with space orders ν' = ±5, ±7 are considerably less pronounced in the spectrum for the short-pitched winding with
doubled number of slots (q = 2, W/τp = 5/6), Figure 4.

The semi-analytically computed field lines for the stator winding with q = 1, W/τp = 1 are visualised in Figure 5A
for a thickness of the cryostat wall dcryostat wall = 10 mm (fulfilling mechanical requirements) and a damper thickness of
dCu = 3 mm. The course of the flux lines shows that only harmonics with the longest wave length just reach the rotor
pole surface, which justifies the truncation of the series over space orders ν. However, since even small eddy current
loss in cold iron parts must be avoided, the stator winding with q = 1, W/τp = 1 (providing kw,1 = 1) proves infeasible
in spite of the large effective air gap.

Similar agreement of the semi-analytical model and transient 2D FEM simulations are also observed for all other
considered fractional and integer slot windings. As an example, a quantitative comparison for the eddy current loss in
the cold parts is visualised in Figure 6A for a q = 2, W/τp = 1 stator winding. The damper thickness dCu is varied for
constant effective air gap width (distance between stator bore and outer pole radius) and constant thickness of the cryo-
stat wall dcryostat wall = 10 mm. The semi-analytical model correctly predicts the overall loss. To account for the pole
cores, the eddy current loss in the (simplified, cylindrically symmetric) pole section of the semi-analytical model is
scaled by the factor wp/τp, where wp denotes the poles' width. This simple scaling is justified by the aforementioned cir-
cumstances arising from the considered windings and the highly saturated pole core. In particular, the semi-analytical
model correctly reproduces the dependence on the damper screen's thickness, which shows a strong decrease of the
eddy current loss in cold parts towards large dCu. For the considered design, the maximum thickness of the screen is in
the order of dCu � 10…12 mm to accommodate the MLI.

The eddy current loss in the warm damper screen and the cryostat wall is shown in Figure 6B. A slight over-
estimation by the semi-analytical model can be observed, which is attributed to the neglect of the direct eddy current
reaction and to the simplifications regarding the model geometry. The eddy current loss in the cryostat shows only
minor changes under variation of dCu, whereas the loss in the damper screen shows a strong increase as notable
shielding of the cold rotor sets in. Due to the low fundamental frequency fs = 7 Hz the skin depth in the copper damper
is in the order of dE � 11 mm for the dominant field harmonics with time order k = 6 (rotor reference frame, ν' = ±5,
±7) and dE � 8 mm for k = 12 (rotor reference frame, ν' = ±11, ±13) respectively. The improved shielding (low PFt,cold)
is therefore accompanied by only minor changes in PFt,warm as dCu increases.

FIGURE 6 Comparative visualisation of the additional loss in the rotor cold parts (A) and the warm parts (B) under variation of the

damper thickness dCu for a stator winding with q = 2, W/τp = 1. Results are shown for the 2D transient finite element method (FEM) model

(JMAG 20) and the semi-analytical model.
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3 | PARAMETER STUDY OF DAMPER DESIGNS

This section is on a parameter study of the influence of the damper design on the eddy current loss in warm and cold
parts of the HTS generator specified in Section 2.3. Considered parameters are the thickness of the copper damper dCu,
the cryostat wall dcryostat wall as well as the stator winding configuration, characterised by the number of slots per pole
per phase q and the pitching ratio W/τp.

3.1 | Eddy current loss in the damper screen and cryostat wall

The eddy current loss in the damper screen under variation of the cryostat wall thickness dcryostat wall is shown in
Figure 7A. The number of slots per pole per phase is restricted by requiring that the slot pitch must not become too
small for a given stator bore diameter. The considered stator windings comprise integer slot windings (q = 1, q = 2,
q = 3) with a fundamental ν' = 1 and a wave length λ1 = 2τp. In addition, fractional slot windings are studied, where
the denominator of q is restricted to 2. This prevents the occurrence of sub-harmonics with ν < p and wave lengths
λν > 2τp, which more easily reach the cold rotor and build up a larger magnetic flux, inducing eddy currents.10

The damper loss strongly depends on the thickness of the cryostat wall dcryostat wall for two reasons:

1. The stainless steel cylinder yields some stronger screening as dcryostat,wall is increased. Owing to the rather low con-
ductivity, this effect has only minor influence on PFt,damper.

2. The dominant effect arises from the increasing distance between the origin of air gap field harmonics and the cop-
per screen. In contrast, the eddy current loss in cold rotor parts is nearly unchanged under variation of dcryostat
wall. This is attributed to harmonics with comparably high space order ν, which cause additional loss in the
damper screen,11 whereas they do not reach the cold rotor iron owing to their short wave length λν � ν�1. This
holds even in case of thin copper screens or even without additional damper. Consistently, a similar decrease of
the loss in the damper for the windings with q = 2 and with or without pitching can be observed in Figure 7A.
The short pitched winding nearly lacks of harmonics of space orders jν'j = 5, 7 whereas the slot harmonics as well
as the harmonics caused by the rotor field modulation remain unchanged (jν'j = 11, 13) apart from small changes
in the generator's excitation.

FIGURE 7 Visualisation of the eddy current loss in the copper damper screen (A) and the cryostat wall (B) under variation of the

cryostat wall's thickness. Results are shown for the 2D transient finite element method (FEM) model (JMAG 20, symbols) and the semi-

analytical model (lines).
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The loss in the stainless steel cryostat wall (Figure 7B) shows a slight increase towards larger values of dcryostat wall.
Due to the low conductivity, the skin depth is in the order of dE � 67 mm for jν'j = 5, 7 (k = 6 in rotor reference frame)
and dE � 48 mm for jν'j = 11, 13 (k = 12 in rotor reference frame). The large values of dE compared to dcryostat,wall imply
only a slight decrease of the field and the current density over the cylinder's thickness. This corresponds to a quite uni-
form loss density PFt in radial direction, so that an increase in wall thickness mainly manifests in a larger volume that
is subject to the eddy current loss.

A variation of the copper screen thickness yields the eddy current loss in warm parts, shown in Figure 8 at a loga-
rithmic scale. The additional loss varies by up to two orders of magnitude for the same outer dimensions of the HTS
generator and the same geometry of the cryostat wall and the damper. Since efficiency is a crucial design criterion for
large wind turbine generators, an admissible additional loss is in the order of �0.25% of the rated power. This corre-
sponds to around PFt,warm � 10…20 kW for the considered HTS generators, Section 2.3. Figure 8 reveals that this
requirement can only be met by integer slot windings, where q ≥ 2 or by the short pitched fractional slot winding
q = 5/2. This holds even in case of a maximum damper screen thickness. The disadvantage of small slot numbers per
pole per phase is attributed to the strong contribution by the modulated rotor field and represents, together with manu-
facturability requirements, an upper limit on the generator's pole count.

3.2 | Eddy current loss in cold parts

The heat load in the cold parts directly enters both the overall efficiency and, by the capacity of the cooling system, the
HTS generator's overall cost. Besides the heat leakage, any additional loss dissipation must be kept at a minimum. In
view of typical coefficients of performance in the order of �1…1.5% at T = 30 K, the eddy current loss in cold parts
should not exceed values around PFt,cold � 50 W. The eddy current loss in cold parts for all considered stator windings
is visualised in Figure 9 under variation of the damper thicknes dCu. The decrease of PFt,cold varies considerably
amongst the windings, where the damping is the strongest for q = 2, W/τp = 5/6 leading to a reduction by about one
order of magnitude. The restrictions on the maximum admissible value of PFt,cold can be met with the windings q = 2,
W/τp = 5/6 (fundamental winding factor kw,1 ≈ 0.933) and q = 3, W/τp = 8/9 (kw,1 ≈ 0.945), even for small dCu. In con-
trast, the q = 2 winding without pitching as well as the q = 5/2 winding require a screen with minimum thickness
dCu,min � 8…10 mm.

This finding, together with the restrictions on PFt,warm, imply the use of the q = 3 winding in case of a sufficiently
large pole pitch τp and otherwise the use of the short-pitched q = 2 winding. The restrictions arising from the additional

FIGURE 8 Visualisation of the eddy current loss in the warm rotor parts (copper damper and cryostat wall) under variation of the

copper damper's thickness dCu for different stator winding configurations (A), (B). Results are shown for the 2D transient finite element

method (FEM) model (JMAG 20) and the semi-analytical model.
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eddy current loss, thus, imply an increase of the rotor field by more than 5%, which leads to a higher amount of HTS
material and higher associated cost. In spite of the large effective air gap width, the choice of simpler stator winding
configurations is, therefore, no measure to decrease the overall cost. Provided that a winding with small content of air
gap field harmonics and moderate rotor field modulation is chosen, the eddy current loss can, however, be limited to
an acceptable value.

4 | CONCLUSION

A semi-analytical model for the calculation of the eddy current loss in warm and cold rotor parts of HTS generators
with cold rotor yoke and poles is described. The model employs a vector potential approach, where the source terms
are extracted from a series of magnetostatic 2D FEM simulations. The model accounts for saturation and slot opening
effects and reproduces the 2D FEM simulation results with sufficient accuracy whilst allowing for a time saving by a
factor in the order of 50…100. The semi-analytical model is used to study the eddy current loss for different stator wind-
ing configurations and geometries of the damper screen and the cryostat wall. The additional loss in warm parts as well
as in cold massive rotor parts are computed and the qualitative dependency on space and time order is discussed.
Restrictions on the choice of the number of slots per phase and the content of air gap field harmonics are derived based
on an extensive parameter study.
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FIGURE 9 Visualisation of the eddy current loss in the cold rotor parts (rotor iron and rotor pole cores) under variation of the copper

damper's thickness dCu for different stator winding configurations (A), (B). Results are shown for the 2D transient finite element method

(FEM) model (JMAG 20) and the semi-analytical model.
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