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Potential Performance of Fully Superconducting
Generators for Large Direct-Drive Wind Turbines

Dong Liu

Abstract—Fully superconducting generators (FSCGs) for wind
turbine applications are usually synchronous machines. A high
torque density should be obtained by increasing both the main
field and the armature current loading. However, there are ten-
dencies that the main field can be low but the armature current
loading can be high, such as permanent magnet superconducting
generators. Despite J.(B,T') characteristics and AC loss issues,
simply using superconducting armature may not lead to a desired
design result but deteriorate the performance with high armature
reaction. This paper implements the vector-phasor diagram of
non-salient synchronous generators for revealing the potential per-
formance of only increasing the armature current loading. Three
commonly used control strategies are compared. The results show
that increasing the armature-field flux to a certain level will deteri-
orate the generator performance with all three control strategies.
Comparatively, the voltage control for equaling EMF and voltage
amplitudes provides the best overall performance: high torque
production capability, high power factor, small power angle and a
wide range of armature current loading. The results obtained from
the vector-phasor diagrams are verified by finite element models
with an FSCG design.

Index Terms—Armature winding, control, fully superconducting
generator, synchronous machine, wind turbine.

1. INTRODUCTION

UPERCONDUCTING generators are being studied about

its suitability and feasibility for large direct-drive offshore
wind turbine applications [1], [2], [3], [4], [5], [6], [7], [8].
High torque density is the core benefit from using supercon-
ducting wires to excite the main magnetic field and to power
the three-phase armature winding. Partially superconducting
generators (PSCGs) only use superconducting wires for the
DC field winding [9], [10], [11]. The armature winding is still
made of conventional copper conductors. Fully superconducting
generators (FSCGs) use superconducting wires for both the
field and armature windings as sketched in Fig. 1. PSCGs are
more feasible at present since superconducting wires produce
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Fig. 1. 3D sketch of a fully superconducting generator with a non-salient rotor
and its field and armature windings.

excessive and unacceptable AC losses in an AC environment.
However, FSCGs can achieve a much higher torque density than
PSCGs since the superconducting armature carries much higher
current densities than copper ones [12], [13], [14], [15], [16],
[17], [18].

PSCGs and FSCGs are usually synchronous machines. The
main drive for a high torque density is to increase the main
field together with the armature current loading also increased.
However, there are tendencies nowadays that the main field can
be low but the armature current loading can be high. Such a
tendency can be seen from another type of PSCGs -permanent
magnet superconducting generators (PMSCGs) [19], [20], [21],
[22], [23], [24], [25]. Another tendency has been seen in the
studies of FSCGs where more efforts are put onto applying
superconducting armature windings rather than trying to in-
crease the main field [26], [27], [28]. The reason could be that
the design work on the superconducting field windings and
the partially superconducting machine topology is encounter-
ing a bottleneck regarding the torque density level and cost
issues [10], [29]. These studies seem to make a detour away from
the challenging superconducting field winding study. However,
simply making the armature winding superconducting may not
lead to a desired design result, not to mention the trouble-
some AC losses in superconducting AC windings. Neglecting
the AC loss issue, applying superconducting armature winding
should be done together with increasing the main field. Oth-
erwise the generator performance may not reward the techni-
cal challenges and the boosted costs of superconducting AC
windings.

This paper aims at finding out the performance consequences
of the above-mentioned trends towards a stronger armature
current loading with a weak main field. The method is to im-
plement the vector-phasor diagram of a synchronous generator.
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Fig. 2. Phasor diagram of three commonly used control strategies for direct-

drive wind turbine generators with a non-salient rotor.

Only non-salient generators are considered in the study. Salient
generators are a bit different and will be studied in future. The
results of the study can also be used for generic synchronous
generators with a non-salient rotor. The study method is irrel-
evant to winding materials and thus the J.(B,T) limitations
and AC losses of superconducting wires are not considered.
We believe that the potential performance revealed in the study
shows the best case. The potential performance will definitely
become worse when the J.(B, T) characteristics and AC losses
are taken into account. Three commonly used control strategies
for direct-drive wind turbine generators are investigated since
they have different vector-phasor diagrams. The results obtained
from the vector-phasor diagrams are verified by finite element
models with a practical electromagnetic design of an FSCG.

II. CONTROL STRATEGIES

Within all possible control strategies for direct-drive wind
turbine generators, three commonly used ones are chosen for
the study. They are zero direct-axis current control (/q = 0), unit
power factor control (PF = 1) and voltage control (E = U) [30],
[31]. Their phasor diagrams are illustrated in Fig. 2. Here we as-
sume that the rotor is not salient so that the direct and quadrature
axes of the generator have the same synchronous reactance X.
The electromotive force (EMF) E leads the terminal voltage U.
In the zero direct-axis control, the current [ is in phase with E.
In the unit power factor control, I is in phase with U. In the
voltage control, Iis right in the middle of E and U, thereby
making E' = U. The quadrature-axis component of the current
I is the torque-producing component. The angle ¢ is the power
factor angle which is between U and I. The angle 0 is the power
angle between EandU. The angle 1) is the internal power factor
angle between E and I. Their relationship is then 6 = 1) + .
The cap notation on top means that the quantity is a phasor.
Without the cap the quantity means the length of the phasor.

III. VECTOR-PHASOR DIAGRAMS

The three control strategies have their own vector-phasor
diagram as shown in Fig. 3. A vector-diagram is based on the
phasor diagram but the space vectors of magnetic fluxes are
added to the phasor diagram. The space vectors and phasors are
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Fig. 3.  Vector-phasor diagrams of the three control strategies, (a) zero direct-
axis current control, (b) unit power factor control, (c) E' = U voltage control.

related and put together by the link of the phasor E since E is
defined in phase with the quadrature axis. The EMF Eisinduced
by the main-field flux vector ®¢ which is excited by the field
current. Thus, £ lags ®¢ by 90°. The armature-field flux vector
®,, is produced by the magnetomotive force of armature current
I and they are thus in phase. The air gap flux vector ® in the
resultant flux of ®¢ and ®, and induces the air gap voltage Ey.
Here we neglect the resistance of the armature winding. Then,
the terminal voltage U is equal to Es. Since Ej lags ® by 90°,
U also lags @ by 90°.

In the zero direct-axis control, the phasor j.X Iis perpendic-
ular to £ and ®, is perpendicular to ®¢. In the unit power
factor control, the phasor j X Iis perpendicular to U and ®,
is perpendicular to ®. In the voltage control, E equals U, ®¢
equals @, and v equals .

According to the relationships in the vector-phasor diagrams,
we can derive the equations given below to calculate the elec-
tromagnetic torque 7,, power factor cos , power angle 6, and
voltage normalized to EMF (U/F) as the performance indica-
tors. Note that (1)—(13) are independent of generator topology
since they apply to all synchronous generators.

)

U/E= (0

1) Zero Direct-Axis Control:

P = /D7 + D2 ()

cosp = % (3)
TC:K~<I>-<I>a~Sin(<I),A<I>a):K'<I>~<I>a'cosg0 %)
where K is the constant for torque.
2) Unit Power Factor Control:
P =,/P7 — P2 (5)
cosp =1 (6)
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Fig. 4.

Performance of the three control strategies obtained from vector-phasor diagrams, (a)—(c) zero direct-axis current control: (a) torque production, (b) power

factor, (c) voltage ratio U/ E; (d)—(f) unit power factor control: (d) torque production, (e) voltage ratio U/ F, (f) power angle; (g)-(i) £ = U voltage control:

(g) torque production, (h) power factor, (i) power angle.

)

arcsin ®a
D¢

A

= sin (0, P,) =K -®- P, -sin90° (8)

T.=K & -9,

3) Voltage Control:

d = oy €))
o 2
@ =1 =0.5-arcsin [1 —0.5- (—a> (10)
Oy
0 = arcsin — (1)
f
A
T.=K -®-®, sin(®,®,) =K -®- P, -sin (90° — ¢)
(12)
0 =2p = 2¢ (13)

IV. PERFORMANCE

The purpose of the paper is to show the effects of armature
current loading on the performance. Thus, we fix the main-field
flux vector length to be &y = 1 and let the armature-field flux
vector length ®, range from O to a higher level normalized to the

main-field flux vector length ®¢. All the performance indicators
will thus be presented in relative values. Such a fixation will
show a full range of armature flux with respect to the main flux.
The fixation will also show the effects of armature flux when it
is increased to be comparable to the main flux or even higher,
which points out the limit of armature field enhancement by
superconductivity. The results of performance indicators as a
function of the armature-field flux normalized to the main-field
flux are shown in Fig. 4. Note that operation of direct-drive wind
turbines applies the same control strategy throughout the rated
and partial loads.

1) Zero Direct-Axis Control: The torque T, with respect to
the armature flux is shown in Fig. 4(a). As the armature flux
increases, the torque will increase linearly and have no peaks or
turning points. This is the advantage of using the zero direct-axis
control. However, as shown in Fig. 4(b), the power factor drops
fast as the armature flux increases. When the armature flux
increases to a half of the field flux and the same, the power factor
drops to less than 0.9 and 0.7, respectively. Such a low power
factor will require a higher capacity for the power electronic
converter to handle the reactive current. Another drawback of
this control strategy is that the voltage is never lower than
the EMF and is very easy to become much higher than the
EMF as shown in Fig. 4(c). In other words, the no-load voltage
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can become quite low with a great armature reaction since the
generator has been rated with its full-load voltage.

2) Unit Power Factor Control: The torque is shown in
Fig. 4(d) and has a peak when the armature flux is v/2/2 times
the field flux. The peak production of torque is however only
0.5 K. A higher armature flux will then lead to a lower torque.
The torque drops to zero when the armature flux is equal to the
main flux. This means that the unit power factor control has the
weakest torque capability among the three control strategies.
The benefit is that the power electronic converter does not have
to supply extra reactive power. Another drawback is the voltage
drops rapidly as the armature flux increases (Fig. 4(e)). When
the armature flux equals the main flux, the voltage will become
vanished. In other words, an EMF which is much higher than
the rated voltage is needed to make the terminal voltage as high
as rated if the armature flux is designed to be high. The extreme
case is when the armature flux equal the main flux. Then the
EMF will go infinitely high. The power angle, as shown in
Fig. 4(f), cannot exceed but approach 90°. All these three results
indicate that generator performance will be deteriorated as the
armature flux goes beyond a certain level (e.g., v/2/2 times
the main flux). The most critical problem is the poor torque
production capability which is opposing the purpose of using
superconducting armature windings.

3) Voltage Control: Like the unit power factor control, as
shown in Fig. 4(g), the torque also has a peak. However, the
differences are that the peak occurs when the armature flux is
/2 times the field flux and the peak torque is as high as 1.0 K.
The torque capability is doubled. The torque will be vanished
when the armature flux is as high as twice the main flux, but the
armature field usually does not need at all to reach such a high
level. The power factor, as shown in Fig. 4(h), is also reduced
with a higher armature flux but the drop is mild. The power factor
will stay higher than 0.85 even when the armature flux equals
the main flux. As shown in Fig. 4(i), the power angle will reach
90° when the armature flux is about v/2 times the main flux.
The large power angle over 90° will not cause stability issues to
the generator, since the back-to-back converter of the generator
can keep the power angle below 90°. Then, the maximum torque
production just occurs at 90°. This control strategy does not have
the issues with the other two control strategies. It also makes full
use of the insulation rating since the voltages at no load and full
load are equal. Hence, the voltage control has the best overall
performance.

V. VERIFICATION BY FINITE ELEMENT METHODS

The results obtained from the calculations with the vector-
phasor diagrams are verified with a finite element (FE) model.
The model is based on a 20 MW FSCG concept from [17] but the
field winding is made of ReBCO tapes instead of MgB, wires.
The design will be seen in [32]. The design aims at low weight,
less iron, non-salient rotor and slotless stator but magnetic iso-
lation. The rotor and stator both have back iron. There is no iron
in the rotor poles and stator teeth. Iron saturation and resulting
saliency between the d- and g-axis are included in the model
using B-H curves. The distance between the armature winding
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Fig. 5. Performance comparison obtained from the finite element model of

an FSCG design obtained from vector-phasor diagrams, (a) power, (b) power
factor, (¢) E/U, (d) power angle.

and the field winding accommodates two individual cryostats for
the rotor and stator. The line-to-line EMF is kept 6.6 kV. Keeping
the same field excitation by the field winding, the armature
current loading is increased to simulate the armature-field flux
range as used in Fig. 4.

The model is built and computed with COMSOL Multi-
physics. The results are shown in Fig. 5, indicating the trends of
power P = Town,, power factor, E/U and power angle 6 with
respect to the load factor, where wy, is the rated mechanical an-
gular frequency of the rotor. The load factor is the linear current
density normalized to its rated value. The curves extend to an
identifiable level where we can evaluate which control strategy
has a higher potential of increasing armature current loading.
The trends agree with the results from Section IV. Again, we
can clearly see the difference of power or torque production
capability among the three control strategies in Fig. 5(a). We
also see the direct comparison of power factor drops in Fig. 5(b)
and the challenges of voltage variation in Fig. 5(c).

VI. CONCLUSION

Better use of the high current density capability of super-
conductors in the armature winding results in a high armature-
produced magnetic field. We used vector-phasor diagrams of
non-salient synchronous generators to calculate the potential
performance of FSCGs without saliency when the armature-field
flux becomes higher. These calculations were verified by an FE
model of an FSCG design modified from the literature.

Three most used control strategies were analyzed for how the
increased armature field influences the performance and where
the limit of the performance is. From the results of electromag-
netic torque, power factor, voltage and power angle, we see that
the armature field cannot be unlimitedly increased. Otherwise,
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the performance will be deteriorated even if J.(B,T) charac-
teristics and AC losses are still neglected.

The zero direct-axis current control has no upper limits of
torque and thus has the highest potential of torque production.
With higher armature fields, however, its power factor becomes
quite low (e.g., 0.7 with the armature field equaling the main
field) and voltage variation from no load to full load is significant.
The unit power factor control leads to the poorest overall perfor-
mance. The voltage control for £ = U provides the best overall
performance: a high torque, high power factor, small power
angle and wide range of armature current loading. However, the
zero direct-axis current can compete with the voltage control if
a low power factor does not matter.

The results of the study assumed a fixed main-field flux. The
main field excitation has to be boosted as well if an even higher
torque production is needed compared to the predicted in the
study. Combination of a strong main field and a reasonably high
armature field (e.g., much lower than the main field) is thought
to provide the best overall performance: high torque, high
power factor, small voltage variation with load, and foreseen
lower AC losses. The potential performance of FSCGs as a
result of the combination will be studied with .J.(B,T') and AC
losses in the future.
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