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Abstract

Medium-speed wind generators in the MW-range with high-temperature sup-

erconducting excitation winding are analyzed by means of non-linear 2D and

3D FEM models. Besides an inverter-based sinusoidal stator current feeding, a

grid connection via a diode rectifier is analyzed by using coupled FEM and cir-

cuit simulations. The newly proposed modeling techniques are used to deter-

mine the excitation requirement for speed-variable, unity power factor

operation at constant stator voltage, as required for a diode rectifier feeding of

the stator winding. 2D FEM models in the H-A-formulation are developed and

used for the calculation of the hysteresis loss in the superconducting field

winding at stationary operation as well as for an investigation of field current

variations in the HTS field winding. The major modeling challenges consist in

very long settling times of voltage-fed models, several strong model non-

linearities and high requirements on the spatial discretization. Approaches for

overcoming these difficulties with reasonable computational efficiency are

proposed.
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1 | INTRODUCTION

The increase of turbine rated power beyond ≥ 14MW and the need for alternatives to rare-earth permanent magnet
(PM) generators are current trends in the wind energy sector.1 High-temperature superconducting (HTS) field windings
in electrically excited synchronous generators are a promising alternative, which has been subject of several research
projects in the past decade.2 The HTS excitation is mostly discussed in the context of gearless, direct-drive
(DD) synchronous generators (rated speed nN ≈ 10 rpm) for several advantages, such as a reduced generator mass mgen

and an increased generator efficiency η of conversion from mechanical to electrical power. The technological feasibility
has been demonstrated in the EcoSwing project3 for a gearless 3.6MW generator. Avoiding the gear in favor of a higher
reliability and a lower maintenance effort yields however very large DD generators to achieve the big generator torque.
The large generator size comes along with a large amount of to date costly HTS material.
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Medium-speed (MS), geared synchronous generators (rated speed nN ¼ 400…600 rpm) are more compact and avoid
the failure-prone high-speed gear stage of high-speed drive trains (rated speed nN ¼ 1000…1500 rpm). The MS drive train
therefore features an increasing share in off-shore wind,4,5 which is to date still dominated by DD generators with
highest rated power. Both, the reduced magnetic pole count 2p and the smaller generator main dimensions, that is,
axial length L and stator outer diameter dso, of MS generators yield a HTS material requirement, which is by more than
one order of magnitude smaller than for DD generators.6,7

This more economical use of HTS tape allows to design the superconducting field winding in MS generators for
unity power factor (cosφs¼�1, load sign convention) operation. This loss-free, variable DC (direct current) excitation
enables alternative layouts for the connection of the generator to the collector grid: For cosφs ¼�1, the state-of-the-art
generator-side IGBT (insulated-gate bipolar transistor) rectifier can be replaced by a passive diode rectifier bridge,
Figure 1. Advantages of the diode rectification consist in a higher reliability, lower costs and lower losses in the power
electronics circuit. For a fixed DC link voltage, the connection via a diode rectifier bridge requires however a constant
stator terminal voltage in the entire speed range nmin…nN of the pitch-controlled wind turbine system experiencing a
broad range of wind speeds.8 The DC generator excitation magnetomotive force (MMF) θf of the rotor winding must
therefore be increased towards low generator speeds n≈nmin in order to provide a nearly constant back-EMF Up for
rectification to a constant DC link voltage. This concept therefore requires inherently a superconducting excitation
winding, which is capable of providing the very high values of θf .

In this work, the power curve Pel nð Þ of the commercially available off-shore wind turbine Vestas V1649 is considered
as an example. For a generator operation with unity power factor cosφs ¼�1 at constant stator voltage UsN, the propor-
tionality Pel nð Þ� Is nð Þ holds, with Is nð Þ representing the torque producing, fundamental stator phase current. Figure 2
(b) visualizes the voltage and current phasor diagram of the considered generator, Section 2, at full (rated) load. The
qualitative relation for the RMS phase current Is nð Þ versus generator speed n is shown in Figure 2 (a), together with
the required air gap flux density fundamental B.

The electromagnetic modeling of the proposed HTS wind generator system, Figure 1, is challenging due to following
difficulties, requiring nonstandard modeling approaches:

1. The powerful HTS excitation yields high magnetic flux densities B≥ 4T in ferromagnetic active generator parts, that
is, in the stator iron stack as well as in the rotor yoke and pole cores. There is a larger variation of the degree of iron
saturation among different load conditions, Figure 2 (a), than in normal-conducting electrical machines. The induc-
tances Ld, Lq feature a highly non-linear dependence on the superconducting field current I f . The large magnetically
effective air-gap width, that is, δmag ≈ 30mm, Table 2, causes moreover a pronounced 2D nature of the magnetic air
gap field, so that analytical models can hardly be applied.

FIGURE 1 Drive train of a geared, medium-speed wind generator with a passive diode rectifier feeding of the six-phase stator winding.

Several options for the connection to the collector grid exist, for example, a connection via an IGBT inverter to an AC collector grid or a

direct connection to a DC collector grid. For the simulation-based analyses in this work, the limit C!∞ for the DC link capacitance is

considered, that is, constant DC link voltage UDCL ¼ const:.

2 of 18 KÖSTER and BINDER



2. The reciprocal magnetic coupling of the six stator phases, that is, the two phase-shifted three-phase systems,
Figure 3, is complex and depends also on the degree of saturation in leakage flux paths. This holds particularly if the
stator winding is fed with nonsinusoidal phase currents, as considered for the diode rectifier feeding, Figure 1.

3. In spite of the large inductances Ld, Lq, significant stator current harmonics are caused by the diode rectifier, so that
standard current-fed finite element (FE-)models with impressed sinusoidal stator currents are not appropriate.
Therefore, voltage-fed models are required, which are characterized by very long settling times until steady state
conditions are reached. The high time resolution for a proper incorporation of stator current harmonics represents a
contrary requirement, constituting a multi-time-scale problem.

4. 3D effects are significant and must be incorporated accurately: In contrast to current-fed FE-models, the resulting
currents in voltage-fed models depend on the entire non-linear impedance per stator phase. In case of the diode rec-
tifier feeding, the stator inductances cause a current smoothing, depending on the iron saturation state. The compu-
tationally manageable, non-linear 2D FE-models can however not cover the influence of the stator end-winding on
the overall leakage inductance and on the stator phase resistance. As the considered generator, Section 2, features a
rather low slimness factor L=dso (L: axial generator length, dso: stator outer diameter, Table 2), the relative influence
of the end-winding section of the distributed stator winding is significant. An accurate modeling of the end-winding
section is therefore mandatory for meaningful results for (i) the stator voltage requirement and (ii) the quantification
of stator current harmonics.

5. The electrical resistance ϱ Jð Þ of the HTS winding is highly nonlinear. This prohibits the application of the standard
A-formulation for electrical machines, if the superconducting winding must be explicitly modeled. Together with
the non-linear B Hð Þ-relation of the ferromagnetic generator parts, this constitutes the need for coupled formula-
tions, Section 5.

6. The small dimensions of the HTS conductors require a very fine spatial resolution to get meaningful results for the
superconducting current distribution in the field winding and for the hysteresis losses. In contrast, the generator
dimensions are by several orders of magnitude larger, constituting also a multi-length-scale problem. The trade-off
between sufficient local, spatial resolution and computational efficiency for the full-size generator model is aggra-
vated by the multi-time-scale nature mentioned in Section 3.

7. In contrast to most discussed HTS generator concepts, the unity power factor (cosφs ¼�1) at fixed stator voltage
UsN requires a continuous variation of the superconducting field current I f . The model must therefore enable a

FIGURE 2 Considered operating characteristic of the HTS excited medium-speed wind generator: (A) unity power factor operation of

the HTS medium-speed generator for all speeds n at fixed stator terminal voltage Us: Stator RMS phase current Is and approximate air gap

flux density fundamental Bδ versus generator speed n. The values of Is nð Þ are derived from the considered power curve with the scaling

Is nð Þ� Pel nð Þ. �: Generator operating points, which are analyzed in this work, (B) phasor diagram for rated load Pel,N ¼�5MW at

cosφs ¼�1 operation, based on FE-simulation results. The very small phasors RsIs and jXdId are omitted for better visibility.
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determination of (i) the hysteresis losses Pd,hyst in the HTS field winding and (ii) the voltage requirement uf in the
field circuit.

This work proposes a modeling framework, which allows to deal with these challenges by using several FE-models.
Details of the generator concept are summarized in Section 2. The general modeling method and the implemented
work flow are described in Section 3. Section 4 is on the coupling of the diode rectifier circuit and 2D non-linear FE-
models. Surface coupled 2D models in the H-A-formulation are used in Section 5 for the characterization of the HTS
field winding. Here, the hysteresis loss calculation at stationary conditions and for field current variations serve as
examples, before the results are summarized in Section 6.

2 | SIX-PHASE HTS GENERATOR CONCEPT

The 5 MW, 500 rpm MS synchronous generator, Table 1, features an all-iron topology with ferromagnetic rotor struc-
ture, that is, yoke and pole cores made from FeNi9 (9% nickel steel), and a stator back iron, Figure 3 (a), to guide the
magnetic flux with low reluctance. The six-phase, distributed stator copper winding lies in open stator slots. This topol-
ogy minimizes the rotor excitation requirement and, hence, the amount of costly HTS material. The cold, massive rotor
iron parts are made from FeNi9,10 while the warm stator core is made from steel laminations M470-65A.11 The copper
damper screen is attached to the inner side of the stainless steel cryostat wall in order to decrease the eddy current loss
caused by air gap field pulsations due to stator slot openings. An iterative design procedure is applied to design the HTS
field winding, Section 3. The key characteristics of the generator are listed in Table 1.

The six-phase stator winding comprises two 3-phase subsystems, that is, A, B, C and D, E, F, with a phase shift of
30� el., Figure 3 (b). Compared to a three-phase winding, it enables a higher fundamental winding factor. As the two
subsystems feature separate neutral points to avoid additional current harmonics if connected in parallel, the line-
to-line voltage is ULL ≈ 1:73 �Us with Us as RMS stator fundamental phase voltage.

The low-voltage stator winding is connected to the diode rectifiers, Figure 4, and a constant DC link voltage (1) is
impressed.

UDCL ¼ 3 � ffiffiffi
2

p

π
�ULL ≈ 932V ð1Þ

FIGURE 3 (A) One pole of the HTS excited medium-speed wind generator. The vacuum chamber rotates and encloses the entire rotor.

The copper damper screens the cold rotor parts from asynchronously rotating air gap magnetic field harmonics. The short-pitched, two-

layer, six-phase stator winding with one slot per pole and phase lies in open slots. (B) Schematic of the six-phase winding: The 3-phase

subsystems A, B, C and D, E, F feature a phase shift of 30oel. Green line (—): With separate neutral points, the available line-to-line voltage

is the same as for a single three-phase winding.
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Each of the subsystems A, B, C and D, E, F is connected to a separate B6U rectifier with separate or common DC
link. The connection of the subsystems in parallel ensures a low-voltage layout in the entire grid connection. The HTS
field current I f nð Þ is variable and adjusted to yield the required electrical output power Pel nð Þ, Figure 2. The HTS field
winding is designed for the most critical conditions at lowest speed nmin ¼ 192 rpm, that is, ≈ 38% of rated speed,
Figure 2 (d). The iterative design procedure is described in Section 3. Selected geometry parameters of the generator are
listed in Table 2.

TABLE 1 Main characteristics of the six-phase, HTS excited medium-speed wind generators for diode rectifier feeding. The phasor

diagram for rated operation is shown in Figure 2 b).

Rated electrical output power Pel,N �5 MW

Rated generator speed nN 500 rpm

Minimum generator speed nmin 192 rpm

Rated stator voltage UN 690 V

Rated stator current IsN 2092 A

Rated power factor cosφs �1

Pole count 2p 24

Rated stator frequency f sN 100 Hz

FIGURE 4 Schematic of the circuit for diode rectifier stator feeding, which is covered by the coupled numerical models. The three-

phase subsystems with phases A, B, C and phases D, E, F feature separate neutral points and either common or separate DC links. Transient

time stepping 2D FEM models in the software JMAG are used for the coupled analyses.

TABLE 2 Main geometry parameters of the HTS excited medium-speed generators. The large magnetic air gap width δmag includes the

mechanical air gap, the damper, the cryostat wall and the vacuum spacing for thermal insulation, Figure 3 (a).

Active iron length lFe 0.311 m

Stator outer radius dso=2 0.933 m

Stator inner radius rsi 0.815 m

Magn. air gap width δmag 32.2 mm

Pole width / pole pitch wp=τpr 0.425

Slot width / slot pitch sQ=τQs 0.513

Thickness cryostat wall dvac 5 mm

Thickness damper screen ddamp 5 mm

Active generator mass mact 3.4 t
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The six-phase copper stator winding features a¼ 12 parallel branches in order to keep the limits for state-of-the-art
low-voltage windings, Table 3. The very high thermal utilization of the generator is enabled by a powerful cooling sys-
tem, for example, indirect oil cooling, which is mandatory to exploit the advantages of a superconducting excitation.12

The end-winding stray inductance is calculated from a comparison of 3D and 2D models, Section 3.
Since the operation with cosφs ¼�1 at fixed stator voltage UsN at nmin yields a very high excitation requirement

per pole θf,p ¼ nLf �N f � I f , a wide HTS tape with wt ¼ 12mm is chosen, Table 4. The EuBCO tape FESC with artificial
pinning centers (APCs), made by Fujikura,13 is used. The APCs prove beneficial under the high-field conditions at mini-
mum speed nmin ¼ 192 rpm. The dependence of the critical current Ic on the local magnetic flux density B

!
is incorpo-

rated, Sec. 3. A modified Kim-model with the lift factor (2) is used,14 where the parameters ks, B0 and αs are determined
by fits to material data. For the design of the field winding, the worst local conditions, that is, with the lowest value of
the critical current density Jc,min B

!� �
, in the HTS winding window are determined for each simulation run and the field

current is adjusted to stay within the local limit Jc,min=J f ¼ 1:3. A liquid neon cooling at fixed cryogenic operating tem-
perature T¼ 30K is considered.

L B
!� �

¼
Jc B

!� �
Jc B¼ 0ð Þ¼

1

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ksBkð Þ2þB2

⊥

q
B0

0
@

1
A

αs ð2Þ

3 | NUMERICAL MODELING FRAMEWORK

The numerical calculation scheme starts with an iterative design process of the field winding for the operating point
nmin ¼ 192 rpm, Pel ¼�0:25MW, ULL ¼UN ¼ 690V, cosφs ¼�1. As the eddy current reaction field is of minor impor-
tance at this stage, a series of 2D non-linear magnetostatic FE-simulations with successively shifted rotor is used,
Figure 5. Sinusoidal stator currents are impressed by means of source terms in the A-formulation. At the end of the

TABLE 3 Parameters of the copper stator winding in open slots. Ls,σ,b is listed for rated operating conditions.

Phase count m 6

Slots per pole per phase q 1

Coil width / pole pitch W=τps 5/6

Copper slot fill factor kCu 0.5

Turns per phase Ns 15

Turns per coil Nc 15

Parallel branches / phase a 12

Rated current density JCu,N 8.75 A/mm3

Rated current loading AsN 1470 A/cm

End-winding inductance Ls,σ,b 14.6 μH

Stator phase resistance Rs, 100�C 4.01 mΩ

TABLE 4 Parameters of the HTS field winding, made from Fujikura FESC EuBCO tape13 with APCs (artificial pinning centers).

Tape width wt 12 mm

HTS temperature THTS 30 K

Number of layers nLf 2 (double racetrack)

Turns per pole N f ,pol 2.75

Total tape length lHTS 3.75 km

Current margin Ic=I f 1.3

Critical current at 77 K, s.f. Ic0 464 A
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iterative procedure, which is implemented in MATLAB, the maximum superconducting field current If ,max and the
HTS winding's number of turns per pole N f,pol are fixed. Based on this field winding design, a similar iterative proce-
dure is used to determine the required field current If nð Þ for each of the operating points in the speed range nmin…nN,
Figure 2a.

Based on the preliminary field winding design and the excitation requirement I f nð Þ, transient, time-stepping 2D
and 3D FE-models are implemented in JMAG15 (A-formulation), Figure 5. Again, sinusoidal stator currents are
impressed. The 2D FE-models provide the eddy current loss in the damper screen and in the cryostat wall and serve as
reference for comparisons with the diode rectifier feeding. Moreover, the comparison of the 2D FE-models with results
from 3D FE-models (Figure 6, JMAG) yield an accurate estimate (3) of the end-winding stray inductance Ls,σ,b,
Figure 3, with Ψs,3D and Ψs,2D as calculated stator flux linkages in the 3D and 2D FEM models, respectively. For this
purpose, the end-winding section of the distributed stator winding is explicitly modeled, Figure 6. A parametric model
of the end-winding together with a genetic algorithm are used to minimize the end-winding length lb. Ls,σ,b features a
non-linear dependence on the saturation state, so that calculations based on (3) are carried out for each excitation state
I f ¼ 0…I f ,max , Figure 6.

Ls,σ,b ¼Ψs,3D�Ψs,2Dffiffiffi
2

p � Is
ð3Þ

In the next step, transient 2D FE-models are coupled in JMAG to a circuit simulation, Figure 4, for a direct incorpo-
ration of the stator phase currents' non-sinusoidal time evolution is tð Þ, details in Section 4. From these voltage-fed
models, the additional eddy current loss in the normal-conducting damper and the cryostat wall as well as the addi-
tional stator iron loss due to stator current harmonics are calculated. A manually designed FE-mesh with Ne ≈ 3 �104

FIGURE 5 Schematic of the applied numerical calculation procedure for the analysis of the HTS medium-speed generator with diode

rectifier stator feeding. Different software packages are selected for different models based on their computational efficiency and flexibility.
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first-order nodal elements per generator pole is used, Figure 7. The calculated eddy current loss in the vacuum chamber
and the damper screen, as well as the calculated stator current harmonics Ik,k>1 are prone to erroneous results in case
of a too coarse meshing. All JMAG models feature homogenized conductor models for the copper stator winding and
the HTS field winding. After equilibration to steady state conditions, the steady state stator phase currents
is,j tð Þ, j� A,B,C,D,E,Ff g are extracted.

In a last step, the non-sinusoidal currents are impressed in current-fed 2D FEM models in the surface coupled H-A-
formulation by means of source terms. The models are implemented in COMSOL Multiphysics16 (details in Section 5)
with detailed HTS coil models in order to calculate the superconducting current distribution and the hysteresis loss in
the HTS winding. The combination of (i) surface coupled FE-models with E Jð Þ-power law in the superconducting
region and (ii) a coupling to the rectifier circuit with non-linear diode characteristic yields models with very poor con-
vergence behavior, so that very small time steps and very long computation times are required. For this reason, the
described two step procedure, Figure 5, is applied in favor of a separation of these strong non-linearities.

FIGURE 6 Numerically (FE-models) calculated flux density in one axial half of one pole (software: JMAG). Results are shown for a

diode rectifier stator feeding with unity power factor cosφs ¼�1 and fixed DC link voltage UDCL ≈ 932V: (A) Minimum speed

nmin ¼ 192 rpm with maximum field current If ,max ¼ 1187A, (B) n¼ 231 rpm with I f ¼ 678A, (C) rated speed nN ¼ 500 rpm with IfN ¼ 193A.

The flux density in the end-winding section is lower than in the straight active region, such that the design of the HTS field winding by

means of 2D models, Figure 5, is reasonable. The stator leakage inductance Ls,σ,b is determined from the difference between 3D and 2D FEM

models, (3).

FIGURE 7 (A) Mesh in the 2D FE sector model, which is coupled to the circuit simulation, Figure 4. A manual meshing procedure is

applied in the software JMAG via the Python interface in order reduce degrees of freedom while ensuring sufficient spatial resolution.

(B) Detailed view of the air gap mesh and the slot opening.
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Three different software tools are used for their respective advantages at different calculation stages: FEMM17 is very
fast for magnetostatic 2D FEM calculations and provides convenient MATLAB and Python interfaces. These are
required for the iterative design procedure, which is coordinated by means of an object-oriented Python framework.
JMAG is optimized for fast transient, time stepping 2D and 3D simulations of electrical machines. It provides also a
Python interface, which is used for the automated modeling and the creation of an efficient, customized mesh in the 3D
model. Similar to FEMM, JMAG always uses an A-formulation for 2D models and does not allow for the coupling of dif-
ferent formulations. Therefore, COMSOL Multiphysics is used in the last step to meet this modeling requirement.

4 | COUPLED SIMULATION OF 2D FEM MODELS AND RECTIFIER
CIRCUIT

The resistance characteristic of the diodes in Figure 4 is modeled with (4). In order to improve the convergence of the
coupled simulation, lower and upper limits of the diode resistance RD,max ¼ 105Ω and RD,min ¼ 10�5Ω are introduced
without affecting the simulation results. The diode's uD iDð Þ-relation introduces an additional non-linearity, Figure 8a,
which requires small simulation time steps Δt. The coupled model does not convergence, if a too coarse mesh in the 2D
FEM model is used, particularly in the iron regions with non-linear B Hð Þ.

uD tð Þ¼ a � ln Isþ iD tð Þ
Is

� �
, a¼ 0:026V, Is¼ 10�7A ð4Þ

Generally, the damper screen, the cryostat wall and the massive, electrically conductive rotor iron introduce time
constants, with which transient eddy currents decay after the initial switch-on of the impressed currents. The equilibra-
tion to steady state conditions is therefore time-consuming and requires the use of successively reduced time steps Δt.
Eddy currents in the rotor parts manifest also in a transient build-up of the electromagnetic torque me tð Þ, Figure 8b,
which differs among the different simulated operating points Pel,nf g. As a general finding, an equilibration over more
than Tsim=Ts ≈ 20…60 electrical periods is required in order to attain the steady state.

In spite of the same fundamental power factor cosφs,1 ¼�1, the required excitation MMF θf � I f generally differs
between the diode rectifier stator feeding and the sinusoidal current feeding, Figure 5. In order to match the power
curve, Pel nð Þ, Figure 2a, the HTS field current is varied in the range If ≈ 0:75 � I f,sin…1:25 � I f, sin , where If ,sin denotes the
adjusted field current for sinusoidal stator currents. Varying the field current I f corresponds to a variation of the back-
EMF Up, which together with the fixed DC link voltage UDCL determines the power fed into the DC link (5), Figure 4.

Pel,DCL ¼UDCL

Ts
�
ZTs

t¼0

iDCL1 tð Þþ iDCL2 tð Þð Þdt ð5Þ

FIGURE 8 (A) Diode forward characteristic used for the coupled simulation, Figure 4, of the 2D FEM model and the diode rectifier

model. (B) Numerically calculated electromagnetic torque for transient time-stepping simulations at different generator speeds n and

excitations I f . Very long settling times occur, which complicate the determination of the excitation requirement, Figure 9.

KÖSTER and BINDER 9 of 18



The non-linear diode characteristic, Figure 8a, manifests in an abrupt increase of generator output power Pel,DCL,
Figure 9, as the HTS field current I f is increased. A cubic interpolation is used to determine the required field current
I f,diode nð Þ, for which the generator performance is analyzed. As the generator-side passive diode rectifier replaces the
usually employed IGBT rectifier, the superconducting field current I f provides the only control degree of freedom for
the power fed to the DC link. Therefore, field current variations are analyzed in Section 5.2.

The DC link current for one 3-phase subsystem A, B, C is shown in Figure 10 for exemplary generator speeds n and
loads Pel. It features a pronounced ripple with f =f s¼ 6 times electrical frequency. The current fed to the DC link by the
subsystem D, E, F is shifted by ωst¼ 30

�
, such that the resulting current ripple in a common DC link is further reduced.

If sufficiently small time steps are chosen to capture the sudden transition of the diodes from blocking to conducting,
the simulation models converge reliably. The numerical stability of the FE-simulations can be further improved, if max-
imum relative deviations for the circuit variables, that is, the currents and voltages, are introduced as additional conver-
gence criteria.

The peak value of the phase current is tð Þ exceeds the fundamental amplitude bIA,k¼1 in a wide range of generator
speeds. The disadvantageous periodical interruption of the phase current, Figure 10, occurs also in the entire speed
range, but is reduced as the generator load and, thus, the stator current increases, for example, at nN ¼ 500 rpm.

FIGURE 9 Numerical simulation results for passive diode rectifier stator feeding at constant DC link voltage UDCL ≈ 932V and different

generator speeds n. For a given HTS field winding design (number of layers nLf ¼ 2, number of turns per layer N f,pol=nLf ¼ 75), the field

current If is varied in order to adjust the output power in accordance with the power curve in Figure 2 a). For n>350 rpm, the

Pel,DCL I fð Þ-relations are shown only for selected speeds n for better visibility. The non-linear diode characteristic iD uDð Þ, Figure 8a, manifests

in the abrupt increase of output power above a threshold voltage at the stator terminals.

FIGURE 10 Numerically calculated DC link current iDCL of the three-phase subsystem A, B, C, phase current iA tð Þ in phase A and its

Fourier fundamental at diode rectifier feeding. The results are shown for (a) n¼ 288 rpm, Pel ≈ �1:48MW, I f ≈ 352A, (b) n¼ 442 rpm,

Pel ≈ �4:74MW, I f ≈ 204A, (c) n¼ 500 rpm, Pel ¼�5MW, IfN ≈ 193A.

10 of 18 KÖSTER and BINDER



Prominent stator current harmonics with time orders j k j¼ 5,7,11,13 occur in the three-phase subsystems. The har-
monic RMS values for j k j¼ 5 and j k j¼ 7 feature maxima at partial load with Ik¼5 ≈ 460A at n≈ 350 rpm and
Ik¼7 ≈ 250A at n≈ 290 rpm. The harmonic RMS values Ik with time orders j k j¼ 11,13 feature pronounced maxima at
n≈ 375 rpm with Ik¼11 ≈ 90A and Ik¼13 ≈ 65A. At rated speed and load, the amplitudes are considerably smaller.

5 | SURFACE COUPLED MODELS OF THE HTS FIELD WINDING

The resistance characteristic of the HTS tapes is modeled with the power-law relation14 (6), which reflects the finite
resistance for j Jz j < Jc due to flux creeping. The B

!
-dependent, local critical current density is calculated from (2) as

Jc B
!� �

¼ L B
!� �

� Jc B¼ 0ð Þ. A constant exponent of n¼ 18 is considered and the common value of the reference electrical
field strength Ec ¼ 1μV=cm¼ 10�4 V=m is applied.14

Ez Jzð Þ¼ Ec

Jc B
!� � � jJzj

Jc B
!� �

0
B@

1
CA

jn�1j

� Jz, ρ Jzð Þ¼Ez Jzð Þ
Jz

¼ Ec

Jc B
!� � � jJzj

Jc B
!� �

0
B@

1
CA

jn�1j

ð6Þ

For the power law relation (6) the electrical conductivity κ¼ 1=ϱ diverges for j Jz j! 0, Figure 11b. As κ Ezð Þ directly
enters the equations for the A-formulation, (7), the convergence is problematic and the superconducting region cannot
be modeled with the magnetic vector potential approach. Instead, the H-formulation is suitable, since only the resistiv-
ity ρ Jzð Þ enters, which is finite for Jz ! 0. The H-formulation features however a worse convergence behavior for non-
linear B Hð Þ-relations in ferromagnetic domains.18 Therefore, the coupled H-A-formulation19 is applied, where the
H-formulation part covers the HTS coil, Figure 12.

In the A-formulation domain, the equation to solve for the magnetic vector potential A
!¼Az � e!z is derived from

Ampère's law22 as (7) with definitions of the magnetic flux density (8) and of the electric field strength (9). Je denotes
the externally impressed current density, for example, of the normal conducting stator field winding.

κ Ezð Þ � ∂ t Az� ∂x ν Bð Þ � ∂xAzð Þ� ∂y ν Bð Þ � ∂yAz
� �¼ Je,z ð7Þ

B
!¼r�A

!¼ ∂yAz � e!x � ∂xAz � e!y ð8Þ

Ez ¼�∂ tAz ð9Þ

FIGURE 11 HTS tape: (A) Critical current Ic versus the absolute value of the external magnetic flux density B for different angles ϑ

between B
!
and the c-axis of the HTS layer. Considered tape: Fujikura FESC,13 tape width: wt ¼ 6mm. (B) Power law (6) with exponent

n¼ 18 for the modeling of the E Jð Þ-characteristic in the HTS winding. The non-linear electrical conductivity is shown as dashed line.
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The H-formulation is based on Faraday's law (10),23 while the current density Jz is derived from r�H
! ¼ J

!
as (11).

The relation (12) in combination with (6) is not problematic in the superconducting region.24

μ Hð Þ � ∂ tH
!þr�E

!¼ 0 ð10Þ

Jz ¼ ∂xHy� ∂yHx ð11Þ

Ez ¼ ρ Jzð Þ � Jz ð12Þ

The coupling between the different domains at the coupling boundary contour Γcoupl, Figure 12, is achieved by
imposing weak contributions19 (13) and (14). Here, Ht ¼H

! � t! denotes the magnetic field component, which is tangen-
tial to the coupling boundary ( t

!
: tangential unit vector). ϑA is the scalar valued weighting function in the

A-formulation part. The vector valued testing function in the H-formulation part is denoted by ϑ
!

H, where ϑH,t ¼ ϑ
!

H � t!
is its tangential component. First-order nodal elements are used in the A-formulation part, and first-order edge ele-
ments are used in the H-formulation part.

Z
Γcoupl

H t �ϑAdΓ inA-formulation part covering ferromagnetic generator partsð Þ ð13Þ

�
Z

Γcoupl

Ez �ϑH,tdΓ inH-formulation part covering the super conducting fieldwindingð Þ ð14Þ

For the HTS winding, only the HTS layer is modeled, as the hysteresis loss dominates the overall AC loss in the con-
sidered frequency range. A homogenized model20 of the HTS field winding is used, where the actual number of
N f ,pol=nLf ¼ 75 turns per layer is replaced by nsec ¼ 11 explicitly modeled regions per layer in the HTS winding window.
Together with an artificial expansions21 of the HTS layers' thickness, detail view in Figure 12, this leads to a significant
reduction of the model's degrees of freedom. The simplified model is validated against a model with the actual number
of N f,pol ¼ 2 �75 regions featuring the actual HTS layer thickness dHTS ¼ 3μm.

After the initial ramp-up of the HTS field current, the transition to the steady state HTS current density profile
Jz r

!� �
occurs at very long time scales, which cannot be covered by time-stepping simulations. However, a steady state

is much faster achieved, if the characteristic resistivity ϱc ¼Ec=Jc B
!� �

is artificially increased during a preliminary
simulation run.

FIGURE 12 Two poles of the 2D FEM sector model of the six-phase medium-speed generator in the coupled H-A-formulation

(software: COMSOL Multiphysics). The stator winding and the field winding of pole ① are modeled with homogeneous current densities J in

the A-formulation part. The HTS coil of pole ② is modeled with homogenized individual turns20,21 in the blue shaded H-formulation part to

calculate the hysteresis loss and the superconducting current density distribution. The homogenized coil model with nsec ¼ 11 explicitly

modeled turns per layer is verified by comparison to a model, in which the actual number of turns N f,pol=nLf ¼ 75 per layer is modeled.
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5.1 | HTS Hysteresis Loss Calculation at Stationary Operation

The hysteresis loss in the HTS field winding is calculated for rated load Pel ¼�5MW at nN ¼ 500 rpm, Figure 13a. This
operation is regarded as the worst-case scenario in terms of hysteresis loss Pd,hyst due to the highest stator current funda-
mental Is, Figure 2a, and the highest stator frequency f s¼ 100Hz. Still, the current margin Ic=If attains a maximum at
rated conditions and the stator current harmonic amplitudes Ik,k>1 are smaller than for intermediate generator speeds
n≈ 350…400 rpm, Figure 14. Therefore, artificially decreased current margins Ic=I f , Figure 13b,c, are also considered in
order to assess the general criticality of the additional hysteresis loss due to stator current harmonics. The hysteresis loss
in the HTS regions is calculated from (21). Following main findings are obtained:

• At rated load, the calculated hysteresis loss Pd,hyst is very small and in the same order of magnitude as for sinusoidal
stator current feeding. Still, a pronounced oscillation of the instantaneous loss with k¼ 12 times electrical frequency

FIGURE 13 Top: Numerically calculated (H-A-formulation, software: COMSOL Multiphysics) instantaneous total hysteresis loss Pd,hyst

in the HTS field winding. The loss is shown for rated load at nN ¼ 500 rpm, Pel,N ¼�5MW: (A) Current margin Ic=I f ≈ 14 in the original HTS

field winding design for cosφs ¼�1 at nmin ¼ 192 rpm, (B) current margin of Ic=I f ≈ 1:7, (C) current margin of Ic=If ≈ 1. The hysteresis loss

for sinusoidal current feeding is shown in blue, the results for passive diode rectifier feeding in black. Bottom: Numerically calculated ratio of

the superconducting current density Jz and the field-dependent, local critical current density Jc B
!� �

for the cases a–c.

FIGURE 14 Numerically calculated (software: JMAG) RMS values of prominent stator phase current harmonics jbIk j at passive diode
rectifier feeding in the entire speed and power range. (A) j k j¼ 1,5,7, (B) j k j¼ 11,13.
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f s occurs, which is caused by stator current harmonics with time orders j k j¼ 11,13. The very low hysteresis loss is
attributed to the very high current margin Jc B

!� �
= j Jz j >10 in the entire HTS coil. For comparison, the simulations

are also carried out for sinusoidal stator currents, which are impressed as source terms in the A-formulation part of
the surface coupled models.

• For lower maximum current margins of Jc B
!� �

= j Jz j ≈ 1:7 and Jc B
!� �

= j Jz j ≈ 1 in the HTS winding, the hysteresis
loss Pd,hyst increases by orders of magnitude. However, Pd,hyst is still very low and reaches only for Jc B

!� �
= j Jz j ≈ 1

about Pd,hyst ≈ 3W. This is still small compared to the total heat load of the cryogenic cooling system in the order
of _Qcryo ≈ 30W.

• As a general finding, the hysteresis loss in the DC HTS field winding Pd,hyst due to stator current harmonics at diode
rectifier feeding does not disqualify this alternative stator feeding concept.

5.2 | Variation of the Superconducting Field Current

As the superconducting field current If offers the only control degree of freedom for adjustments of the generator out-
put power Pel, variations of the field current must be considered with respect to following requirements:

1. The hysteresis loss in the HTS winding at varying field current if tð Þ must be sufficiently low.
2. The voltage requirement in the field circuit uf must be determined, depending on the dynamical requirements, that

is, the required slopes dif tð Þ=dt.

The time scales, at which the field current if must be varied, generally depends on the required output power ramps,
which are affected by wind fluctuations and operating strategies. To prevent additional assumptions and to obtain gen-
eral results, only power ramps from if ¼ 0 to if ¼ I f,max ¼ 1187A with different slopes are considered as example in this
work. The slopes are defined by the parameter r in terms of the maximum field current If ,max , (15).

dif
dt

¼ r � I f ,max

1s
, r � 0:01,0:02,0:275,2:75f g ð15Þ

In order to determine the field voltage requirement (2.), it is necessary to determine not only the resistive voltage
drop ur,f in the field winding, but also the induced voltage ui,f . In standard 2D FE-models of electrical machines in
A-formulation, the induced voltage is calculated from the flux linkage, which is directly related to the z-component of
the magnetic vector potential Az. This is not possible in the surface coupled formulation, since Az is not defined in the
H-formulation part covering the HTS field winding.

A simple approach to calculate the induced field strength Ei,z in the entire FE-model consists in introducing an
additional variable Uz, which is solved for. Uz is defined in the entire simulation domain, comprising the H-formulation
and the A-formulation part, and corresponds also to the z-component of the magnetic vector potential. The boundary
conditions as well as the source terms Je,z (A-formulation part) for Az and Uz are identical. In contrast to the governing
equation (7) for Az, the eddy current densities are however already known and enter as source terms in (16). Here, Jz
comprises also the superconducting current density in the H-formulation part. The additional variable Uz is easily
introduced in the software COMSOL Multiphysics.

�∂x ν Bð Þ � ∂xUzð Þ� ∂y ν Bð Þ � ∂yUz
� �¼ Jzþ Je,z ð16Þ

The induced electrical field strength is then calculated from the potential Uz as (17).

Ei,z ¼�∂ tUz ð17Þ

The resistive voltage drop unr,f and the induced voltage uni,f in the nth modeled HTS region n¼ 1,…, 2 �2 �nsecð Þ, that
is, two layers with two coil sides each per pole, are calculated from (18) and (19). Here, Sn denotes the cross sectional
area of the respective HTS region and L is the axial generator length, Table 2. The end-winding section of the field
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winding is neglected, since it is short in the racetrack coil geometry. The electrical field strength Ez in (18) is obtained
from (12) and covers only the resistive contribution according to (11).

unr,f ¼L � 1
Sn

�
Z
Sn

EzdS ð18Þ

uni,f ¼ L � 1
Sn

�
Z
Sn

Ei,zdS ð19Þ

FIGURE 15 Numerically calculated results for HTS current ramps from if ¼ 0 to maximum current if ¼ If ,max ¼ 1187A for four different

slopes dif=dt. (A) Field current in the HTS field winding, (B) induced voltage ui,f tð Þ in the series connection of all 2p¼ 24 rotor poles, (C) as

b) but for the resistive voltage drop ur,f tð Þ, D) total instantaneous hysteresis loss in the entire HTS field winding Pd,hyst tð Þ. Models in the

surface coupled H-A-formulation, implemented in COMSOL Multiphysics, are used.
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The induced voltage ui,f in the series connection of all 2p¼ 24 rotor poles is calculated from (20) by scaling to the
actual number of winding turns N f,pol.

ui,f ¼ 2p � N f ,pol

2 �nsec
�

X2 � 2 � nsec

n¼1

uni,f ð20Þ

The total resistive voltage drop ur,f is calculated in a similar way. The hysteresis AC loss (21) is finally obtained by
integrating the volumetric loss density pd,hyst¼Ez � Jz over the modeled HTS regions.

Pd,hyst ¼ 2p �L �
X2 � 2 � nsec

n¼1

Z
Sn

Ez � Jzð ÞdS ð21Þ

The results for the four exemplary current slopes dif=dt� 11:9A=s,23:7A=s,326A=s,3265A=sf g are summarized in
Figure 15. The considered current ramps start at t¼ 0 while the considered ramping time intervals cover 3 orders of
magnitude, Figure 15a. The maximum current slope of dif=dt>3kA=s must be regarded as extreme case, while current
slopes of dif=dt≈ 30A=s correspond to typical maximum generator output power ramps of 0:6MW=min. Following
main findings are obtained:

1. The induced voltage ui,f , which must be compensated by the applied voltage uf , decreases as the field current if
increases, Figure 15b. This relation is caused by the decrease of the inductance Lf as the degree of iron saturation in
the main flux path increases.

2. Even at a current slope of dif=dt¼ 326A=s, the induced voltage does not exceed ui,f ≤ 300V, Figure 15c. This implies
sufficient dynamics at reasonable field voltage requirements.

3. The resistive voltage drop is generally small, that is, ur,f < 2V for dif=dt¼ 326A=s, and negligible compared to the
induced voltage ui,f . The maximum value of ur,f occurs at the end of the current ramp, when the lowest local current

margins Jc B
!� �

= j Jz j are reached. This corresponds to maximum instantaneous hysteresis losses Pd,hyst, Figure 15d.

4. The maximum instantaneous hysteresis loss in the HTS winding at moderate current slopes, that is,
dif=dt¼ 23:7A=s and dif=dt¼ 11:9A=s, is rather low and does not exceed Pd,hyst ≤ 200W. Compared to the
cryogenic heat load estimate _Qcryo ¼ 30W at stationary operating conditions, i.e. constant I f , this addi-
tional loss is manageable, if ramping events with high field current variation Δif are rare. In this
regard, the ferromagnetic iron poles, Figure 3a, improve the thermal stability by providing a substantial
heat capacity. More detailed analyses require a coupling to a thermal simulation, which is planned as
future work.

6 | CONCLUSIONS

Six-phase medium-speed wind generators with high-temperature superconducting field winding are analyzed in
the entire relevant operating range for diode rectifier feeding of the stator winding. The excitation require-
ments for unity power factor, speed-variable operation at fixed stator voltage is calculated by means of non-
linear FE-models. It is shown that the superconducting field winding can provide a sufficient excitation MMF,
even at lowest generator speeds. This enables the cheap diode rectifier stator feeding in favor of reduced costs,
higher efficiency and higher converter reliability. Coupled numerical models for the incorporation of stator cur-
rent harmonics due to the diode rectifier are developed. Very long simulation settling times to reach steady
state conditions and very fine meshes are identified as major challenges for the coupled models. The numeri-
cally calculated stator currents, including harmonics due to the diode rectification, are used to calculate the
HTS hysteresis loss in the surface coupled H-A-formulation. As a second example, variations of the sup-
erconducting field current are analyzed. In both cases, the calculated hysteresis loss is low, thus recommending
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the diode rectifier stator feeding of HTS excited medium-speed generators as a promising alternative for future
wind generator systems.
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