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and Joachim Holbøll, Senior Member, IEEE

Abstract—In transient operations or fault conditions, hightemperature superconducting (HTS) machines suffer ac losses,
which have an influence on the thermal stability of superconducting windings. In this paper, a method to calculate ac losses and
their thermal effect in HTS machines is presented. The method
consists of three submodels that are coupled only in one direction.
The magnetic field distribution is first solved in a machine model,
assuming a uniform current distribution in HTS windings. The
magnetic fields on the boundaries are then used as inputs for an ac
loss model that has a homogeneous approximation and solves the
H formulation. Afterward, the computed ac losses are considered
as the heat source in a thermal model to study the temperature
profile in HTS windings. The method proposed is able to evaluate
ac losses and their thermal effect, thus providing a reference to
design an HTS machine and its cooling system.
Index Terms—AC losses, finite element methods, homogenization, superconducting machines, thermal stability.

I. I NTRODUCTION

H

IGH temperature superconducting (HTS) machines possess characteristics such as high power density and high
efficiency, and they are preferable in applications such as ship
propulsion and wind generators [1], [2]. Particularly, since direct drive wind generators with large power ratings will reduce
the cost of wind farms, designs of HTS wind generators in
10 MW rating and above have been of great interest in recent
years [3]–[5].
There are many design proposals for HTS machines, most of
which are based on partially superconducting machines, i.e., a
copper AC armature winding and an HTS DC field winding
[6]. Such a topology avoids large AC losses in HTS field
windings. However, in transient operations or fault conditions
HTS field windings still suffer AC losses. So the calculation of
AC losses is of great significance to evaluate the performance
of an HTS machine. Moreover, since AC losses are directly
linked to the cost of a cooling system and the overall efficiency,
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careful consideration should be given to keep HTS machines
competitive compared to their conventional counterparts.
Many methods and techniques have been reported to calculate AC losses [7]. Among these, the homogenization technique
has been proven to be effective and it shows great advantages in
simplicity and computation speed [8]–[10]. Nevertheless, very
few works addressing AC losses have taken into account real
operating conditions and constraints of an HTS machine.
In [11], a segregated model to calculate AC losses in an HTS
generator was introduced. The method originally proposed in
[11] is extended in this paper to study the excitation stage of
a 2 MW HTS machine operating at 30 K. First, an electromagnetic (EM) simulation towards the HTS machine is carried
out, assuming a uniform current distribution in HTS windings.
Subsequently, the magnetic fields encircling the HTS windings
are extracted from the machine simulation results and used
as boundary conditions in an AC loss model. The AC loss
model in this paper has a homogenization approximation and
solves the H formulation. Afterward, the calculated AC losses
are considered as the heat source in a thermal model to study
the temperature increase due to the AC losses. The method
presented consists of three sub-models that couple only in one
direction, and it is easy to implement. The results will benefit
the design of an HTS machine and its cooling system.
II. M ODELING S TRATEGY
The method consists of three sub-models: a machine model,
an AC loss model and a thermal model. Fig. 1 shows the flow
of the modeling process.
First, an EM simulation of the HTS machine is carried out,
assuming a uniform current distribution in the HTS windings.
Disregarding the actual current distribution in superconducting
windings has a negligible influence on the overall magnetic
field profile [11]. Actually, this is a common principle used for
EM design of HTS machines.
Subsequently, the magnetic fields encircling the HTS windings are extracted from the previous EM simulation, and these
values are input as boundary conditions in an AC loss model.
The AC loss model considers the E − J power law, an important superconducting property, so that the actual current
distribution and AC losses can be determined.
Finally, the AC losses calculated are considered as the heat
source in HTS windings to calculate the temperature increase
due to the dissipation of these AC losses. If the temperature
increase is considerable, then the critical current density (noted
as Jc ) in the AC loss model needs to be modified, and an

1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

5900105

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 26, NO. 4, JUNE 2016

Fig. 2. Illustration of a pole pair segment in a 2-MW partially HTS wind
generator. The red rectangle represents the coupling boundary of the machine
model and the ac loss model.

Fig. 1. Flowchart of the modeling strategy to compute ac losses and their
thermal effect in an HTS machine.
TABLE I
D ESIGN S PECIFICATIONS OF A DD HTS W IND G ENERATOR

loops coupled with a small amount of material cause low
hysteresis losses. The other is that a low frequency gives rise to
low eddy current losses, even if eddy current losses are proved
to be an issue, laminated steel can be implemented to reduce
those.
B. AC Loss Model
The AC loss model solves the H formulation, which is
written as [10], [13], [14]:
∇ × (ρ ∇ × H) +

iterative computation is required. For the case considered in this
paper, since the temperature increase is smaller than 0.5 K, the
modification of Jc is not performed.
III. D ESCRIPTION OF S UB -M ODELS
A. Machine Model
A 2 MW direct drive (DD) HTS wind generator is studied
here. The design specifications are listed in Table I and the
schematic configuration for a pole pair segment is illustrated
in Fig. 2.
The generator considered employs HTS windings in the rotor
and copper windings in the stator. Comparative studies have
shown that the topology with a salient-pole iron rotor and an
iron toothed stator, which is also the one used here, is the
most cost-effective option given the current price of HTS tapes
commercially available in the market [12]. An iron pole is
placed in the center of every HTS winding, and is separated
from the HTS winding by 10 mm, so that the magnetic flux will
mainly go through the iron pole, instead of the HTS winding.
The losses experienced by the iron pole are neglected in this
paper, which could be supported from two aspects. One is that
the iron pole is highly saturated, resulting in minor hysteresis
loops, and only a small portion of the iron pole is affected by
AC flux ripples and harmonics from the stator. Minor hysteresis

∂(μH)
=0
∂t

(1)

where ρ, μ, and H are the resistivity, permeability and the
magnetic field, respectively. In this paper, the ferromagnetic
losses due to the magnetic substrate in HTS tapes are not
considered, so μ = μ0 , which is the air permeability, holds
throughout the paper. The resistivity of normal conductors can
be treated as constant, while for the HTS material, the E − J
power law is used to describe the non-linear transition from the
superconducting state to the normal state:
 n−1
Ec J
(2)
ρsc =
Jc Jc
where Ec = 1 μV/cm and n (assumed as 40 in this paper) is
the index describing how abruptly the transition takes place.
J represents the current density.
Jc is both field dependent and temperature dependent. The
field dependence of Jc at the operating temperature (30 K) is
elaborated in Fig. 3.1 As will be seen later, the temperature
increase due to the AC losses for the case studied in this paper is
very limited, its influence on the critical current density is negligible, so the temperature dependence of Jc is not considered.
The homogenization technique introduced in [8]–[10] is used
to compute AC losses. The advantage of this technique is that
it disregards the inner details of an HTS winding, then the HTS
winding can be studied as a homogenized bulk, giving rise to a
faster computation without compromising the accuracy.
The red rectangle shown in Fig. 2 denotes the coupling
boundary of the machine model and the AC loss model. The
1 Technical
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Fig. 3. Field dependence of the critical current density for AMSC’s Amperium
12-mm HTS tape operating at 30 K. The tape has a critical current of 350 A at
77 K, self-field.

magnetic fields and their variations along the lines in the red
rectangular are extracted from the machine simulation results
and applied as boundary conditions in the AC loss model, so
that the machine parameters are not necessary in the AC loss
model. This simplifies the problem greatly. Because there are
many machine parameters that influence the AC loss computation, e.g., geometric dimensions, non-linear magnetic properties
of iron components, load variations in the armature, directly
considering a full-fledged machine model makes the AC loss
computation cumbersome.
It is necessary to point out that the technique of using the
coupling boundary to simplify the problem can be extended. In
Fig. 2, the coupling boundary encircles a complete HTS field
winding. However, if the HTS field winding is very large, splitting the coupling boundary around a complete HTS winding
results in a large AC loss computing domain, which makes the
AC loss simulation computationally demanding. Under these
circumstances, the coupling boundary can just encircle a small
portion of the HTS winding, e.g. one quarter portion or even
smaller. The magnetic field will be evaluated individually on
the coupling boundary in every small portion, and then applied
to its corresponding AC loss computing domain.

Fig. 4. The magnetic field distributions in the machine at t = 60 s (upper) and
t = 120 s (lower). The current in the HTS winding is ramped up from 0 to
480 A at a constant rate of 4 A/s.

where ftape is the volumetric fraction of the HTS tape in
the winding. The thermal conductivity of the HTS winding is
anisotropic, which is expressed as:
λtape · λepoxy
λtape (1 − ftape ) + λepoxy ftape

(6)

λy_winding = λtape ftape + λepoxy (1 − ftape )

(7)

λx_winding =

where λx_winding and λy_winding are the x component and y
component thermal conductivities of the HTS winding, respectively. The thermal properties of different materials at 30 K used
in the model can be found in [15], [16].2
The boundary condition is assigned as thermal insulation
with an assumption that all other heat loads, e.g., radiation heat
load and conduction heat load, are balanced with the cooling
power of the cryocooler. So the temperature increase is due
solely to the AC losses.

C. Thermal Model

IV. R ESULTS

The thermal model is based on the time-dependent heat
transfer equations:
∂T
= ∇ · (λ ∇ T ) + Qac
Cv
∂t
Qac = E J

(3)
(4)

where T is the temperature; Cv and λ are the volumetric heat
capacity and the thermal conductivity, respectively. Qac is the
heat power density generated by the AC losses in the HTS
winding, which equals the product of the electric field E and
the current density J.
The equivalent thermal properties of the HTS winding are
composites of the HTS tape and the epoxy. The volumetric heat
capacity of the HTS winding is written as:
Cv_winding = Cv_tape ftape + Cv_epoxy (1 − ftape )

(5)

A. Machine Simulation
An EM simulation of a pole pair segment of the proposed
machine is carried out in COMSOL. A typical excitation stage
of the HTS field winding is simulated. The current in the HTS
winding is ramped up from 0 to 480 A at a constant rate of
4 A/s. Fig. 4 shows the magnetic field distributions when the
time is 60 s and 120 s, respectively. As can be seen, the
magnetic field experienced by the HTS winding is varying
with respect to the time, especially the upper-right part of the
HTS winding, which faces the stator and iron pole. Due to the
symmetry, only the magnetic field encircling half of an HTS
winding needs to be assessed for the AC loss calculation. To
easily assess the magnetic fields by the coordinates of the points
2[Online].Available:http://cryogenics.nist.gov/mpropsmay/materialproperties.
htm.
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Fig. 5. The distributions of the ac loss density Qac (W/m3 ) for half of an HTS
winding at t = 60 s (upper) and t = 120 s (lower).

Fig. 7. The temperature distribution for half of an HTS winding at t = 60 s
(upper), t = 90 s (middle), and t = 120 s (lower). Tmax and Tmin are the
points that have the maximum and minimum temperature rise, respectively.

obtained can serve as a reference to design the cooling system.
Since the temperature increase evaluated has a limited influence
on Jc (less than 5%), the modification of Jc is not carried out.
V. C ONCLUSION
Fig. 6. Instantaneous ac losses for the upper HTS layer, lower HTS layer, and
the whole layers. Note that only half of an HTS winding is considered; hence,
the values shown here should be doubled to evaluate the actual ac losses in a
full HTS winding.

on the coupling boundary, the left HTS winding in Fig. 4 is deliberately placed in parallel with the global coordinate system.
B. AC Losses
The AC losses generated in the HTS field winding during the
excitation stage is calculated by the aforementioned AC loss
model. The distributions of the AC loss density Qac and the
instantaneous AC losses for half of an HTS winding are shown
in Figs. 5 and 6, respectively. As indicated in Figs. 5 and 6, the
upper HTS layer, which faces a higher flux density due to the
stator, has higher AC losses. It also can be seen that the closer
to the iron pole, the higher loss density will be. The effect of
the inhomogeneous distribution of the AC loss density will be
displayed explicitly in the temperature profile.
C. Thermal Simulation
The AC loss density obtained in the above section is input as
a heat source in the thermal model to evaluate the temperature
increase. The temperature distributions for half of an HTS
winding at t = 60 s, t = 90 s, and t = 120 s are shown in Fig. 7.
The temperature starts increasing at the upper-right corner and
gradually penetrates towards the interior, which is consistent
with the loss density distribution shown in Fig. 5. As a result,
a maximum temperature rise of 0.4 K happens at the upperright corner, and a minimum value of 0.12 K is observed at the
lower-left corner, as marked in Fig. 7. The temperature profile

Three sub-models are considered together to calculate AC
losses and their thermal effect in an HTS machine. The aforementioned machine model and AC loss model are only linked
on the coupling boundary, thus the machine parameters are not
necessary in the AC loss computation. The AC loss density
calculated in the AC loss model is input as a heat source to study
the thermal profile of the HTS winding. In the case studied,
the AC losses generated during the excitation stage cause a
maximum temperature rise of 0.4 K at the corner that faces the
stator and iron pole. The method proposed provides a reference
to evaluate an HTS machine and its cooling system.
The AC loss due to the variations of the armature load and
the rotating speed will be addressed in our future work.
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