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Summary

Superconducting linear motors for high-dynamic applications

Linear and planar motors in the positioning stages of photolithographic machines
perform high-dynamic motion. The presently employed motors contain copper or
aluminum coils to produce the force. To increase the throughput of the photolitho-
graphic machines, motors with a higher ratio of force to volume are desired. The
performance of the present motors is limited by the resistive losses in the coils and by
the volume of the cooling system which removes the generated heat. The technology
high-temperature superconducting (HTS) tapes has recently matured and long lengths
of tape with a high critical current are commercially available. High-dynamic super-
conducting linear motors based on HTS tapes could provide the desired breakthrough
in the performance.

This thesis researches the feasibility of high-dynamic superconducting linear motors
with HTS coils. Variations of the applied currents and magnetic fields in superconduct-
ing coils result in AC losses. In existing rotating superconducting electrical machines
the superconducting coils generally carry dc currents and are not exposed to strongly
varying magnetic fields. These machines therefore have low AC losses. In high-dynamic
motors, however, the AC losses are a dominant factor since the currents and magnetic
fields applied to the coils vary strongly and non-sinusoidally. Modeling, measurement,
and design methods for high-dynamic superconducting motors are therefore researched.

To model the AC losses, finite element models which include superconducting material
models are implemented in the H-formulation. The highly nonlinear resistivity of
the superconducting material is modeled by the power-law model and the anisotropic
field-dependency of the critical current is modeled by a modified Kim-model. The
nonlinearity and the high aspect ratio of superconducting tapes result in high compu-
tation times of the finite element models. Model reduction methods are researched to
decrease these computation times. Existing model reduction methods are validated
for accurate calculation of the AC losses on a benchmark geometry. Furthermore, the
calculation of AC losses using a static magnetic model for the full motor coupled to
a quasi-static magnetic model for a sub-region including the superconducting coil is
extended to an iterative coupling to achieve a higher accuracy. For the benchmark
model, the discrepancy between the AC losses calculated by the full and reduced
models is at most 3.5% while the calculation time is reduced by 75%.



vi Summary

To measure the AC losses in superconducting coils for non-sinusoidal and high-frequent
currents an electrical measurement method is developed. The method is fast and
suitable for the measurement of AC losses resulting from non-sinusoidal currents, which
cannot be measured accurately by the conventionally applied lock-in measurement
method. The losses are modeled by finite element models with experimentally obtained
parameters of the Kim-model. Combined resistive and hysteretic behavior of the AC
losses is observed in both the measurements and the models. The AC losses for different
current waveforms and frequencies are predicted with a mean discrepancy of 20% by
the finite element models, while their values vary over several orders of magnitude.
The feasibility of superconducting motors with highly dynamic commutated currents
is shown by the application of high-dynamic non-sinusoidal current waveforms. The
discrepancy between the measurements and the models is less than 7% for these
current waveforms if their peak value is higher than 11% of the critical current of the
tape.

To measure the losses resulting from the variations in the applied magnetic field a
calorimetric measurement instrument based on the boil-off method is designed and
built. This instrument measures the AC losses in superconducting coils as a result
of time-varying applied magnetic fields by moving permanent magnets. Additionally,
the measurements by the electrical measurement method are validated with the
calorimetric measurement instrument. It is shown that the AC losses by moving
permanent magnets vary linearly with the repetition rate of the movement, and the
AC losses increase exponentially for dc coil currents close to the critical current of the
coil.

To design high-dynamic superconducting linear electrical machines an electromagnetic
design optimization method is developed. The method is based on the validated
reduced finite element models and on models of additional heat load components in the
motor and cryostat. It allows to find the geometric parameters and operating current
of the superconducting coils which result in the highest force to volume ratio for a
given motor topology and operating temperature. The temperature dependency of the
superconducting material parameters and of the cryocooler efficiency are taken into
account. For two superconducting linear motor topologies the optimized performance
is compared. The first topology contains ac superconducting coils in the stator and
permanent magnets in the mover. The second topology contains dc superconducting
coils in the stator and ac copper coils in the mover. A high force to volume ratio is
achieved by both motor topologies optimized at temperatures of 10 K to 60 K. For
the given optimization criterium the motor types achieve similar maximal ratios of
force per volume. The optimized motors produce a force per area of the air gap of a
factor 2 to 3.5 higher than that of conventional linear motors.

In this thesis, methods for the electromagnetic design and optimization of supercon-
ducting linear motors are developed and validated. The results show the feasibility of
high-dynamic superconducting motors, and provide a first step for the high-precision
industry towards superconducting motion platforms.
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Chapter 1

Introduction

This chapter introduces semiconductor photolithography as the background for the
research into high-dynamic superconducting linear motors, gives an overview of existing
superconducting technology and superconducting linear motors, and introduces the
research goals and objectives of this thesis.

The contributions presented in this chapter have been published in:

B.J.H. de Bruyn, J.W. Jansen, E.A. Lomonova, ‘Review of Superconducting Linear
Electric Machines,’ IEEE Transactions on Applied Superconductivity, Submitted for
review.



2 Introduction

1.1 Semiconductor photolithography

Integrated electronic circuits are an essential part of modern-day life. They are the
basis of many contemporary communication, data storage, and data processing systems.
Integrated circuits are used in, for example, smartphones, memory cards, and much of
the hardware that makes up the internet. The size, speed, and cost of the integrated
circuits directly influences the size, speed, and cost of the systems they are part of.
Therefore, there is a continuous demand for smaller, faster and cheaper electronics.

The electronic components in the circuits, such as the transistors, consist of different
semi-conducting materials. Semi-conducting material properties can be obtained by
adding impurities to silicon. Therefore, the production process of integrated circuits is
normally based on this material. The process starts from a single large silicon crystal.
Thin disks, referred to as wafers, are cut from the crystal. The wafers currently have
a diameter up to 300 mm. Around 100 to 200 circuits are created in a grid on the
wafer. The circuit of electronic components is realized as a three-dimensional closed
structure of materials with different properties. This circuits are built up on the wafer
layer by layer. Each layer contains several patterns of electrically conducting, resistive,
and semi-conducting materials. A resolution of several nanometers is achieved for the
patterns. The maximum dimensions per circuit are currently 26 mm by 33 mm [6],
such that each circuit can consist of billions of electric components.

The patterns with different material properties in each layer are created in a pho-
tolithographic process. First, a layer of photoresist is applied to the wafer. Next, a
pattern of light is projected on the photoresist in a photolithographic machine. This
pattern is defined by passing a bundle of light through a reticle, which is a transparent
plate holding a light-absorbing pattern. After the light passes the reticle a lens system
reduces the pattern sizes, in the current systems by a factor of four, before it reaches
the wafer. The reticle contains the pattern for one circuit, so the area for all circuits
is exposed sequentially. Dependent on the type of photoresist, either the exposed or
the un-exposed resist can now be washed away by solving it in a developer. Finally,
the material properties of the regions that are not covered by the photoresist can be
altered by a chemical process. To build all layers requires typically 25 to 40 repetitions
of the lithographic process [97]. Once all layers have been created the wafer is diced
to separate the grid of circuits into individual dies. After dicing the wafer, wires are
bonded to the dies, and they are packaged as integrated circuits.

The demand for smaller, faster, and cheaper electronics leads to the key performance
indicators for photolithographic machines: imaging, overlay, and throughput [57].
Imaging refers to the quality of the projected image and the minimal resolution.
Overlay describes the ability to project the layers at the correct position with respect
to the previous layers. Improving imaging and overlay decreases the minimum feature
size of the circuits. This decreases their size and increases their potential speed.
Throughput refers to the number of wafers per hour that can be exposed. Increasing
the throughput leads to lower costs and lower prices for the electronics.
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A high throughput of the photolithographic machines is enabled by high-dynamic
motion stages. Here, high-dynamic is defined as having fast changes in the produced
force. State-of-the-art systems achieve around 7 exposures per second [7, 77]. To
increase the throughput, the acceleration and velocity of the motion stages are increased
continuously. The requirements on the motion stages depend on the type of operation
of the photolithographic machines.

Two types of operation of photolithographic machines exist: wafer stepping and wafer
scanning [25]. Wafer scanning allows larger dies to be exposed than wafer stepping
with the same lens system. In both types the bundle of light is stationary. In wafer
stepping the wafer is stationary during exposure and after each exposure it is moved
to the position of the next die [97]. For wafer steppers the diameter of the lens system
limits the length of the diagonal of the die. In wafer scanning the reticle is moved
through the bundle of light during exposure while the wafer moves in the opposite
direction. In this way, the pattern is projected sequentially. For wafer scanners the
diameter of the lens system limits the width of the die, while the length of the die is
limited by the stroke of the motion systems. Therefore wafer scanning allows larger
dies to be exposed with an equal lens system. However, this requires a high-dynamic
motion of the reticle stage.

The the reticle stage is driven by linear electric motors while the wafer stage is driven
by a planar electric motor. Both motors have a stroke in the order of 1 meter. To
achieve nanometer-accurate positioning of the wafer and reticle a short-stroke motion
system with a stroke in the order of 1 mm and a high position control bandwidth is
integrated in the stages. The reticle stage requires approximately four times higher
accelerations and velocities than the wafer stage because of the scaling of the projected
patterns by the lens system.

The motors driving the stages have a limited budget for volume and thermal dissipation,
since they are part of a complex high-precision system. These motors use normal
metals such as copper in their coils, and are operating at their thermal limits in the
existing motion stages. The generated heat increases approximately quadratically
with the increase of the acceleration of the stages because of the resistive losses in the
existing motors. Although cooling systems with increased cooling capacity will allow
increasing the throughput in the near future, a breakthrough in the motor performance
is required to sustain the increase of the throughput in the long term.

Superconductors can carry high current densities with a low thermal dissipation.
Therefore, they can potentially be used to realize motors with a high force per volume
and low losses. In this thesis the feasibility of driving the reticle stage by supercon-
ducting motors is researched. Specifically, it is analyzed whether superconducting
motor are suitable to achieve accelerations up to 800 m/s2, to allow an increase of
the acceleration of the reticle stage by a factor of 5 to 10. Superconducting materials
behave highly nonlinearly, resulting in a complex behavior of the maximum currents
and AC losses. Because of this complex behavior, the performance estimation of
superconducting machines is not straightforward.
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Fig. 1.1: Critical temperature and magnetic fields strengths: (a) Type I and (b) Type II
superconductors.

1.2 Superconductivity

Superconductivity is a state of matter which only occurs in certain materials, below
their critical temperature Tc. The superconducting state is characterized by the
near-zero electrical resistivity of the material and by the Meissner effect, which is
the expulsion of magnetic field from the material. Two types of superconductors are
known, the properties of which are illustrated in Fig. 1.1.

In Type I superconductors, the superconducting state is broken above the critical
magnetic field strength Hc. In Type II superconductors, additionally a mixed state
exists in which magnetic flux can penetrate the superconducting material in quantized
units of flux. These quanta are pinned to imperfections in the material with a certain
pinning force. The mixed state exists between the lower critical magnetic field strength,
Hc1, and the upper critical field strength, Hc2. The material reverts to the normal
state at magnetic field strengths higher than the upper critical field. The critical
field strengths are dependent on the temperature and the current density in the
superconductor [139].

The maximum current density that a superconductor can carry depends on its operating
temperature and the applied magnetic field. The material is superconducting below
a certain temperature, applied magnetic field, and current density, as illustrated in
Fig. 1.2. The boundary of the surface indicates the critical current density, Jc. The
critical current density is defined as the current density at which the critical electric
field criterion Ec is reached. Well below the critical current density superconductors
have near-zero resistivity. Above the critical current density their resistivity and
resulting electric field strength increases sharply, as illustrated in Fig. 1.3. At even
higher current densities the material reverts to the normal state, and the material
has a linear resistivity. If a conductor is formed from superconducting materials, this
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Fig. 1.3: Electric field strength as function of current density for superconducting materials.
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Fig. 1.4: Critical current of a superconductor as function of the applied magnetic field. The
load-line method to estimate the critical current of a superconducting coil is illustrated.

conductor has a critical current, which is defined as the current at which the resistivity
of the conductor reaches the critical voltage criterion.

The critical current of a superconductor decreases with the applied magnetic magnetic
field. An example of this relation is shown in Fig. 1.4. As a result of this dependency,
a single straight conductor has a higher critical current than a coil wound from the
same conductor. The maximum operating current of a superconducting coil is often
estimated by the load-line method, which is illustrated in Fig. 1.4. In the figure, the
measured critical current as function of the applied magnetic field is shown for a
straight section of a superconductor, together with an illustrative load line of two coils.
The load line represents the magnetic flux density at the location in the coil where
it is the highest, as function of the coil current. The critical coil current is found at
the intersection of the coil current and the field-dependent critical current of the tape.
Coils with a higher number of turns, have a lower critical current, since the applied
field is higher at equal applied current.

The critical current of superconductors increases with decreasing temperature. There-
fore superconductors are usually operated well below their critical temperature. De-
creasing the operating temperature gives rise to several challenges. Firstly, decreasing
the temperature reduces the thermal stability of the superconductors, which increases
the risk of quenching. Quenching is the rapid increase of the temperature of a super-
conductor by resistive losses because of the loss of superconductivity. Once a part of a
coil quenches, the increase in temperature leads to a decrease of the critical current,
which leads to further loss of superconductivity. There are many causes for quenching,
such as the displacement of a conductor bundle or the local loss of cooling. Below 40 K
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the heat capacity of most engineering materials scales approximately with T 3 [39].
Therefore, superconducting coils operating at low temperatures have lower thermal
stability, and are more susceptible to quenches. Secondly, the required input power of
cryocoolers per Watt of cooling power at the low-temperature side increases strongly
at towards lower temperatures. For temperatures of 77 K, 40 K, and 4 K, these ratios
are typically 15:1, 60:1, and 2000:1 respectively [123]. Cooling power is required to
remove heat generated in the superconducting coils and heat leaking into the cryostat.

Applying alternating currents or alternating magnetic fields to a superconductor leads
to AC losses in the superconducting material. These losses result from the hysteresis
in the superconducting phase transition, and from motion of the pinned flux quanta
against the pinning force. The AC losses increase highly nonlinearly with the applied
currents and magnetic fields, and vary with the previously mentioned dependencies
of the critical current of the superconductors. For example, the losses in a coil do
not increase linearly with the number of turns in the coil, and are dependent on the
operating temperature of the coil. Furthermore, superconducting conductors generally
contain several layers of materials for thermal and mechanical stability in which AC
losses can also occur. The complex behavior of the AC losses in superconductors
makes them challenging to predict.

1.2.1 Low-temperature superconductors

Although many different superconducting materials exist, only a few are suitable for
large-scale applications such as cables, transformers, motors, and generators. Some
pure elements and alloys are superconducting at temperatures below 30 K. These low
temperature superconductors (LTS) have been used for decades for the generation of
static magnetic fields for various applications. Conductors of LTS are generally round
wires containing thin twisted strands of the superconducting material in a metal matrix
which increases their thermal stability. Depending on the application, different LTS
are applied. Magnetic Resonance Imaging (MRI) makes up the largest commercial
application of superconductivity, and mainly uses NbTi for the superconducting coils.
NbTi has a critical temperature around 9 K, and a critical magnetic field strength
around 10 T at 4.2 K. The NbTi coils are used at 4.2 K to generate magnetic fields
in the order of 1.5 to 3 T [89]. Another large-scale application of NbTi is the Large
Hadron Collider, in which a static field of 8.3 T is generated by NbTi coils operating
at 1.9 K [42]. Two other low-temperature superconductors that are widely used are
Nb3Sn and MgB2. Nb3Sn has a critical temperature of 18 K, and is brittle and
sensitive to strains. It is therefore difficult to manufacture and process. However,
it achieves a higher current density than NbTi, and is applied in magnet systems
above 10 T. MgB2 has a critical temperature of 39 K, and has been discovered to
be superconducting only in 2001. It is generally operated around 20 K to achieve a
high current density. After the completion of the production process of MgB2 wires,
they are very brittle. Therefore, these wires are less suitable for motor applications
with high-dynamic forces, although they have been used for the realization of rotating
motors [74].
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1.2.2 High-temperature superconductors

High temperature superconductors (HTS) are a class of ceramic superconductors
discovered in 1987 with critical temperatures up to 133 K [129]. As a result, supercon-
ductivity can be achieved relatively easily by cooling the material with liquid nitrogen,
which has a boiling point around 77 K at 1 atm. HTS can achieve higher engineering
current densities than LTS at 4.2 K [132]. At higher temperatures, the difference
increases further in favor of HTS. As with LTS, the geometry in which conductors can
be produced depends on the superconducting material properties. To achieve high
critical currents the material should consist of a single crystal or multiple well-aligned
crystals. HTS can be produced in bulk form (single crystals with dimensions of several
centimeters) or in the form of tapes containing a layer of aligned crystals. Because
of the structure of the superconducting tapes, they have a high anisotropy in the
field-dependency of the critical current density. Generally, the decrease in critical
current is stronger for magnetic field applied perpendicular to the surface of the tapes
than for magnetic field applied parallel to their surface. In the first generation (1G)
of HTS tapes the superconducting layer is a BiSrCaCuO compound (BSCCO). The
second generation (2G) of HTS tapes uses a (Re)BaCuO compound, in which the
rare earth element is generally yttrium, giving YBCO. The minimal price of 1G HTS
is limited by the silver matrix in which the filaments are embedded. For 2G HTS,
the cost of the production facilities determines the price per meter, which is already
similar to that of 1G tapes and decreases yearly because of the increased production
rates. For small-scale motor applications, BSCCO tapes are less suitable because of
their brittleness, leading to a large minimum bending radius and a low maximal tensile
stress [153].

A typical HTS tape is between 4 and 12 mm wide, 0.1 mm thick, and has a critical
current of 30 to 55 A per mm width at a temperature of 77 K [146]. This results in an
engineering current density of 300 to 550 A/mm2 for a single superconducting tape at
77 K [11], while the maximum engineering current density in water-cooled copper coils
is in the order of 40 A/mm2. The, relatively, high operating temperature together
with the high engineering current density makes HTS tape a primary candidate for
high-dynamic superconducting motors.

Ongoing research in the development of HTS superconducting bulks and tapes leads
to a continuous increase of performance of the available engineering materials. The
performance of the superconducting tapes depends on the production process, which is
different per supplier. The main manufacturers of superconducting tapes are American
Superconductor (AMSC), Bruker, Fujikura, Sunam, SuperOx, STI, and SuperPower.
Improvements are made on the critical current, as well as on the length of tape that
can be produced. Measured in ampere critical current at 77 K, multiplied with the
length of the tape, per centimeter width of tape, values have increased for YBCO
from near 0 A·km/cm-w in the year 2000 to 450 A·km/cm-w in 2013 [133]. Several
suppliers are producing tapes with lengths of several hundreds of meters [152]. Owing
to the mechanical properties of the HTS tapes, only motors and generator types with
concentrated windings have been developed until now. The coils in these machines
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are pancake-shaped or racetrack-shaped, dependent on the application. The potential
of superconducting technology for linear motors and generators is explored in the next
section.

1.3 Development of superconducting linear machines

Both conventional linear electrical machines and superconducting rotating electrical
machines have been developed into industrial applications. However, the development
of superconducting linear machines is less advanced.

The design methods and operating principles of conventional linear motors are well-
known [15]. Fast and accurate design tools have been developed based on magnetic
finite element models or semi-analytic models [64] and there are numerous commercial
suppliers of various types of conventional linear motors [41, 142].

The potential of superconducting technology for rotating motors and generators has
been demonstrated in dozens of industrial prototypes up to the MW range [96]. Earlier
rotational motors used LTS or bulk HTS. Later, various rotating motors with HTS
tapes have been demonstrated. Between 1999 and 2001 Siemens developed a 400 kW
motor with HTS field coils which successfully finished a two year running test. Later
they developed a 4 MVA machine for use as a power generator on a ship [107]. A
36.5 MW synchronous air core motor with HTS field windings for ship propulsion was
developed in 2011. The motor, funded by the US Office of Naval Research, has been
tested under full load [48]. In South Korea a MW-class motor with HTS coils for ship
propulsion has been built and tested in 2016 [102]. For wind energy harvesting, the low
weight of superconducting generators is beneficial. This has led to the development of
industrial prototypes of wind turbine generators [65].

The following section gives an overview of the developments in superconducting linear
motor technology. A classification of superconducting linear motor types is made
based on their working principle, and the research and performance of the motors
in each class is analyzed. First, motors with dc superconducting coils are discussed,
then motors with ac superconducting coils, and finally motors with HTS bulks. The
design methodologies are discussed, and recent trends in the applied materials and
modeling methods are shown. Finally, the main challenges for the development of
superconducting linear motors are identified.

1.3.1 Machines with dc superconducting coils

In conventional motors and generators, static magnetic fields can be generated without
losses by permanent magnets. The highest remanent magnetic field strength of the
currently available permanent magnets is approximately 1.45 T [149]. Superconducting
coils carrying dc currents can also generate a static magnetic field without losses. This
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dc superconducting coil

3-phase copper stator coil

xy z

Fig. 1.5: Linear synchronous motor with dc excited superconducting coils and a concentrated
three-phase stator winding with back-iron. The direction of the dc currents is indicated for
the superconducting coils.

field can be higher than that generated by permanent magnets. These superconducting
magnets can be applied in synchronous machines, where the other member of the motor
or generator consists of a synchronous winding. A motor with dc superconducting
coils and a concentrated synchronous three-phase winding is shown in Fig. 1.5.

Superconducting Maglev
The Japanese L0-series Maglev trains are the only Maglev trains which use HTS for
propulsion. On board of the trains are superconducting dc coils in persistent-current
mode, meaning that current is circulating in the coils without continuously powering
them. The coils are conduction-cooled and placed in a vacuum cryostat. To minimize
the heat leak into the cryostat the coils are charged with detachable current leads.
Copper windings for propulsion and a separate set of windings for levitation and
stabilization are placed along both sides of the track.

The first run on a short test track, with NbTi LTS coils on board of the train, was
performed in 1972. An overview of the development of HTS magnets, which started
in 1999, is given in [86] and [143]. The BSCCO coils consist of 12 pancake coils and
operate at a temperature below 20 K. The development and test of a single HTS coil,
with dimensions of approximately 100 by 50 cm, are described in [62, 85, 145]. A
decay rate of the persistent current of 0.44% per 24 hours is achieved by selecting a
superconducting tape with specifically low resistance for dc current. The integration
of four dc coils into a single unit for the Maglev vehicle is presented in [105] and [140].

Since the superconducting magnets are used in a synchronous motor mostly at constant
speed, there are no large variations in time of the magnetic fields applied to the
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superconducting coils. The AC losses in the superconducting coil during operation
were estimated at 3 W per magnet [141]. The losses in one coil, when the current is
ramped from zero to the rated loading of 750 kA-turns, were measured to be equal
to 10 kJ. For this case, the losses are accurately estimated by analytical equations
developed by Brandt [18].

The HTS coils were validated during a test run at 553 km/h [87]. A 42.8 km long test
track was finished in 2013 for extensive testing. A long commercial track is currently
being planned and should connect Tokyo and Nagoya by 2027 and be extended to
Osaka by 2045.

Wheel-type railway

The propulsion of conventional wheel-type trains with superconducting linear motors
is being researched by the Korea Railroad Research Institute. These trains are
intended to operate with a persistent mode dc superconducting magnet on board and
a synchronous three-phase winding with copper coils in the track below the train. A
preliminary design of the stator winding and superconducting coil with YBCO tapes
is shown in [116]. The trains are designed for a maximum speed of 650 km/h and a
maximum total thrust force per train of 275 kN. A rough estimate of the operating
current of the dc coils of 219 A at 50 K to 438 A at 20 K is made using the load-line
method in [90]. A small-scale prototype was built. The mover consists of non-insulated
coils of YBCO tape carrying dc currents and the iron-core stator has copper coils [40].
The non-insulated coils operate at a temperature of 30 K to 40 K and reach their
final current of 100 A after a charging time of one hour. The prototype contains two
coils which are integrated in a high-vacuum cryostat with radiation shields and are
directly coupled with a cryocooler. Test results of force production have not yet been
published.

Superconducting EMALS

Electromagnetic aircraft launch systems (EMALS) accelerate aircraft to their desired
takeoff speed, and normal-conducting prototypes have launched several aircraft [104].
A conceptual design of an EMALS using a linear synchronous motor with dc super-
conducting coils in the mover, with a peak active power of approximately 42 MW is
given in [13]. For the mover coils, MgB2 wires operating at 20 K were selected as a
cost-effective solution. A 132 kA cable was proposed by embedding a large number
of parallel strands in a copper matrix. The dc coils consist of 8 turns of the 132 kA
cable, and 4 turns of a 6 kA cable, and have a pole pitch of 0.5 m. The magnetic
field-dependency of the critical current of the wires is taken into account for calculation
of the critical current of the coils. Analytic equations are used to estimate hysteresis
losses in the superconducting material, the losses due to eddy currents in the copper
matrix, and coupling losses between the strands of the cables. Eddy current losses in
the material matrix are shown to be lower than 25 W, while losses in the aluminum
cryostat wall are considered to be lower than 1 W per pole. Hysteresis losses in the
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Fig. 1.6: Superconducting linear generators: (a) synchronous generator with two dc super-
conducting coils [79], (b) claw-pole generator with superconducting excitation winding [124].

superconducting material reach a value up to 50 kW, and the coupling losses reach
a value up to 2500 kW at the maximum velocity of 70 m/s. A cryocooler with an
estimated input power of 15 MW would be required to launch an aircraft every 90
seconds, depending on the motor design. The authors conclude that the efficiency of
the system is comparable to conventional technology if the cryocooler power is taken
into account.

Others flat synchronous motor experiments

Thrust measurements on a linear synchronous motor consisting of a single small dc
superconducting coil with YBCO tapes, and an iron-cored stator with copper coils
were presented in [93, 94, 98, 155]. In all measurements the phase angle of the current
and position of the mover were constant, and the coil was cooled at liquid nitrogen
temperatures. In these experiments forces of several tens of Newtons were achieved.

Wave energy generator

The conceptual design of a linear generator for wave energy conversion, as shown
in Fig. 1.6(a) was presented in [79]. In the generator a bipolar magnetic field is
generated by two dc superconducting coils and iron cores. A coreless mover with
copper coils is moved through the bipolar magnetic field. The superconducting motor
design eliminates the problem of high reluctance attraction forces between stator and
mover present in some conventional linear generators and reaches a thrust density of
30.3 kN/m2. The performance of the machine is limited by saturation of the iron core
and leakage between the elements of the core. Although the mechanical construction
of this type of machine is challenging, the superconducting tape is efficiently used
because the end-windings are relatively short.
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Fig. 1.7: Cross-section of tubular linear motors with superconducting coils: (a) tubular linear
synchronous motor with pancake coils and radially magnetized PM mover [111, 112, 113],
(b) tubular linear induction motor for tube drawing [76].

Claw-pole generator

Another linear generator design based on a dc superconducting coil and an iron core
with teeth, as shown in Fig. 1.6(b) was presented in [124]. The stator of the claw-pole
generator consists of a dc superconducting coil and an iron core, while the mover
consists of copper coils and a variable-reluctance iron core. A prototype linear motor
segment was built. Furthermore, the full design of a system to measure the properties
of the prototype in a vacuum chamber at a temperature below 60 K was described.
Test results have not been published at the time of writing this thesis.

1.3.2 Machines with ac superconducting coils

Higher current densities can be achieved in superconducting coils than in copper coils.
Therefore, machines with ac superconducting coils could achieve high force densities.
Several types of linear motors have been developed with AC superconducting coils,
such as synchronous, induction, and switched reluctance motors. The alternating
currents in superconducting coils lead to AC losses in all types of motors.

Tubular synchronous motor

A conceptual design of a superconducting synchronous tubular motor was presented
in 2004 in [111]. The concept with superconducting double pancake coils in the
stator carrying ac currents and permanent magnets (PMs) in the mover is shown in
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Fig. 1.7(a). The motor was intended for high-dynamic motion with a stroke of several
tens of centimeters. The technical design of the linear motor was presented, and AC
losses in the double-pancake BSCCO coils were measured for sinusoidal currents in a
range of 10 Hz to 50 Hz [112]. The design included laminated iron teeth around the
superconducting coils, in order to reduce the magnetic flux density in the stator coils.
In the final design, presented in 2007, an operating frequency of 5 Hz is suggested
to reduce the AC losses to an acceptable level of 300 W to 500 W at 77 K for the
full motor [113]. No a-priori estimation of the AC losses was shown and results of a
working prototype have not been published.

Tubular induction motor

A prototype of a tubular linear induction motor, for application in tube drawing was
presented in 2007 in [76]. The concept uses an iron core and BSCCO pancake coils,
and is illustrated in Fig. 1.7(b). Measurements showed that the critical current varies
between different pancake coils, although they are produced of the same type of tape.
The authors suggest that these differences result from variations in the production
process of the superconducting tapes. The main heat source in the machine were the
AC losses, which were in the order of 700 W for 36 coils with an outer diameter of
120 mm at 77 K. The stainless steel cryostat insulating the superconducting stator
had a wall thickness of less than 1 mm. A ratio of air gap surface to produced force
of 80 kN/m2 was achieved, which was reported 33% to 100% higher than that of
conventional machines.

Flat synchronous motor

A synchronous linear motor with HTS coils and a permanent magnet mover was
presented in 2002 in [81]. The concept is shown in Fig. 1.8(a). The three-phase stator
consisted of six pancake coils wound of BSCCO tapes. The coils were operated at
33 K in a vacuum cryostat. Compared to operation at 77 K this increased the critical
current of the tapes by a factor of 3. The permanent magnet mover was situated
outside the cryostat at room temperature. At the operating current of 150 A, a static
thrust force of 200 N was measured on a permanent magnet mover of 50 by 180 mm.

Flat induction motor

A prototype flat linear induction motor, with BSCCO HTS tapes with multi-layer
concentrated windings was presented in 2012 in [43]. The concept is shown in Fig. 1.8(b).
In the design of the slotted iron core, the influence of the slot shape on the critical
current of the superconducting coils is taken into account [43]. At a low rated current
of 16 A, the AC losses in a coil of the prototype with 240 turns are less than 1 mW at
a frequency of 10 Hz. A thrust force of 938 N was measured in the tests of the 1.5 m
long prototype [91]. The authors state that the main limitation in the performance of
the motor is the maximum allowable perpendicular flux density to the superconducting
tapes.
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Fig. 1.8: Flat linear motors with AC superconducting racetrack coils: (a) synchronous
motor with moving permanent magnets, (b) induction motor with copper secondary.
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Fig. 1.9: Linear switched reluctance motor with superconducting coils.

Switched reluctance motor

The design of a linear switched reluctance motor, as illustrated in Fig. 1.9, was
presented in [59]. A comparison is made between stator coils of BSCCO tapes, YBCO
tapes, and copper. The maximal currents of the superconducting tapes are determined
by the load-line method. The BSCCO tapes achieved a much lower current density in
the application than the YBCO tapes, because the decrease in the critical current of the
BSCCO tapes is stronger in applied magnetic fields. At an operating temperature of
77 K, the thrust force with YBCO conductors is more than five times that with copper
conductors at room temperature, while the thrust force with BSSCO conductors is
approximately equal to that with copper conductors [59]. In an experimental prototype
with BSCCO tapes it is demonstrated that the critical current of the superconducting
coils depends on the position of the mover [60].
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1.3.3 Machines with HTS bulk materials

High temperature superconducting bulks are single crystals of the ceramic material,
with dimensions of several centimeters. A change in the penetration of the magnetic
flux density through a Type-II superconducting bulk is counteracted by the pinning
forces. This mechanism can be exploited to create reluctance forces on HTS bulks
or to trap magnetic fields in HTS bulks. The magnetic field can be trapped in the
bulks by applying a constant magnetic field while the material transitions into the
superconducting state (field-cooling) or by applying a pulsed magnetic field to an HTS
bulk which is already in the superconducting state (pulsed field magnetization). The
record in trapped field in HTS bulk materials is presently 17.6 T [38]. This is a factor
12 to 15 higher than the remanent magnetic field strength in the current permanent
magnet technology. Therefore, HTS linear motors with trapped-field magnets seem
promising for achieving a high efficiency and a high force density. However, several
factors reduce the potential of linear motors with HTS bulks. Firstly, the trapping
of the field in the HTS bulk is usually done in a separate device outside the linear
motor before installing the cold magnet in the motor. Secondly, the trapped field
that can be achieved at 77 K is only in the order of 1 T. Thirdly, the trapped field
decays if a varying magnetic field is applied to the trapped-field magnet. Fourthly,
the mechanical strength of the magnetized bulk pieces limits the maximum field that
can be trapped, because a high trapped field leads to high internal stresses. Finally,
most samples with very high magnetization in literature are smaller than the sizes of
the bulks that are suitable for motor applications. Despite these drawbacks, several
prototypes of linear motors using magnetized HTS bulks have been realized. For
rotating superconducting motors, hysteresis motors with non-magnetized HTS bulks
have been researched [84, 100]. For linear motors, however, no example of a hysteresis
motor could be found in literature.

Flat synchronous motor with magnetized HTS bulk

In 2006 Jin et al. together with Zhu et al. started development of several supercon-
ducting linear motor prototypes. Several synchronous linear motor concepts were
developed in which the mover consists of trapped-field HTS bulks and the stator is a
coreless or iron-cored three-phase winding with copper coils, as shown in Fig. 1.10. In
some of the prototypes the mover is levitated by HTS bulks above a PM array. The
levitation of HTS bulks above a PM array results in stable and self-guided levitation.
However, the height of levitation is determined by the magnetization of the bulk, and
the levitation force has significant hysteresis if the height of the levitation is changed
during operation. An overview of their joint work until 2012 is given in [69] and [70].
First, they showed that a linear motor with magnetized HTS bulks and a three-phase
stator winding with an iron core allows a controllable propulsion force [67]. Initial
designs of the linear synchronous motors were done using conventional magnetic finite
element models [68, 164], while later analytical formulations for the propulsion force
and levitation force were developed [72]. To model the magnetization, an equivalent
current distribution in the HTS bulks is assumed. This method, named the sand-pile
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Fig. 1.10: Flat linear synchronous motor with magnetized HTS bulk secondary and iron-
cored three-phase primary winding.

model after the shape of the amplitude of the magnetic field strength in a plane above
the bulks, was first proposed in [9]. Forces are then calculated based on the Lorentz
force on the assumed magnetization currents. The thrust force has been experimentally
validated with a maximum excitation frequency of 5 Hz. A maximum thrust force of
600 N has been achieved with an air gap of 2 mm [55]. A conceptual design of a linear
motor with embedded pulsed field magnetization is given [165]. Measurements of the
decrease of the trapped fields over time in the LSM, by exposing the magnetized HTS
bulk to the travelling-wave field of the iron-core synchronous motor stator, showed
there was a continuous decrease of the trapped field in the order of 1% per minute [71].

All-superconducting synchronous motor

A prototype of an all-superconducting linear motor was presented in 2006 in [118]. The
stator of the motor consists of BSCCO racetrack coils, and the mover consists of YBCO
bulks. Magnetic forces were modeled using Biot-Savart models and the sand-pile
model. A trapped field of 0.2 T was reached in the bulks. Magnetic field measurements
confirm the accuracy of the numerical and analytical magnetic field [119], although no
results of force measurements were published. The main limitation in the design of the
linear motor was the minimum bending radius of 30 mm of the brittle BSCCO tapes.
The HTS bulk magnets were magnetized before being assembled with the stator. The
authors state that in rotating motors the magnetization of the HTS bulks can be
often achieved using the field windings while in linear motors a separate magnetization
system is required.
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Meissner effect motor

Bulks cooled without applying an external field can be used in reluctance and hysteresis
motors. Branco et al. realize a prototype linear reluctance motor based on copper coils
and non-magnetized HTS bulks. The reluctance forces originate from the diamagnetism
of the superconducting material, and reach up to 9 N in the small-scale experiment.
The diamagnetism of the HTS bulk is modeled by 2D finite element simulations, by
setting the relative permeability of the HTS bulk slightly above zero. This allowed
the forces in the prototype to be accurately modeled [17].

1.3.4 Overview and discussion

An overview of the discussed prototypes of the superconducting linear motors is given in
Table 1.1. The table shows only motors of which a prototype and measurements have
been published. In recent years, more prototypes have been developed with YBCO than
with BSCCO tapes. The technology readiness level (TRL) of each prototype is shown
to indicate the development status, where level 1 indicates observation of the basic
principles and the maximum level of 9 indicates that a fully integrated system is proven
through successful operation [36]. Only four superconducting linear motor concepts
have reached a level of maturity where all system components, including a cryocooler,
are integrated into a working system. These are all operating at temperatures lower
than 77 K, such that the superconducting materials have a higher critical current.
Where possible, the thrust force per active area of the air gap, σact, of the prototypes
has been calculated as

σact = Fpk/Aact, (1.1)

where Fpk is the maximum reported thrust force of the prototype, and Aact is the
active area of the air gap. Only the force density reported for the tubular induction
motor presented in [76] is higher than those that is achieved by conventional water
cooled synchronous linear motors, which achieve 30 kN/m2 continuous force [142].

The three main challenges that inhibit the development of superconducting linear
motors are:

(a) The motor constant is reduced because the cryostat wall increases the magnetic
gap between the stator and the mover.

(b) The cooling system reduces the overall efficiency and increases the costs and the
complexity of the system.

(c) The a-priori estimation of the critical current and AC losses in the supercon-
ducting coils requires extra modelling effort.

The impact of these challenges depends on the application of the motor.

(a) The thickness of the cryostat wall is dependent on the required thermal insulation
and only weakly on the scale of the motor. Therefore, for large applications the
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additional height of the magnetic gap required for the cryostat wall is small relative
to the pole pitch, giving a correspondingly small reduction of the motor constant.

(b) If the cryocooler does not inhibit the application, the efficiency of the cryocooler is
of less importance. This can be the case for closed-cycle systems where the cryocooler
can be placed away from the motor, for motors where a cryogenic liquid can be re-filled
intermittently, or for motors which require only a very low cooling power. If the added
value of the motor to the application is high, the cost of the superconducting materials,
the cryogenic system, and the engineering effort to develop a superconducting motor
can be justified.

(c) Finally, a comprehensive optimization procedure of the motor design should be
available, which takes into account the AC losses, dependency of the critical current
density on temperature and applied field in the motor, electrical parameters, and the
design of the cooling system. For machines with dc superconducting coils operating
at constant velocity the currents and magnetic fields applied to the coils have a low
variation, resulting in low AC losses.

1.3.5 Conclusions

Although the technology of rotating superconducting motors has been developed into
industrial applications, only a three prototypes of superconducting linear motors have
reached TRL 5 or higher. It can be concluded that the technology has not yet matured.
The main reason is that superconducting motors are especially suitable for large-scale
applications, in which dc coils with a large pole pitch can be used at constant velocity,
but these applications are scarce for linear motors. The Japanese L0-Maglev trains
are the only example of industrial application of these kind of superconducting linear
motors. For rotating machines many motor and generator applications exist with a
large pole pitch, resulting in more advanced development of rotating superconducting
machines.

A small number of linear motors with AC superconducting coils have been successfully
developed, and their performance has been validated. Design methods taking into
account the AC losses to predict their performance are not applied, and the existing
linear motor prototypes are not designed for high-dynamic force profiles. The principle
of linear motors with HTS bulks has been demonstrated, but linear motors using HTS
bulks have not been applied in any industrial application. For the existing motors,
design methods often only estimate the dc critical current of the superconducting
coils, and only measure the AC losses of a single coil of the finished prototype. The
investigation of modeling, measurement, and design methods is required for the design
of high-dynamic superconducting linear motors.

1.4 Research goals and objectives

The main objective of this thesis is to develop a framework of models and methods to
design superconducting linear motors with HTS tapes for high-dynamic applications.
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The framework is applied to the design of the long-stroke linear motors used in the
reticle stage of semiconductor photolithography machines. The current motors in
these machines are double-sided flat synchronous linear motors with a PM stator
and a coreless mover with copper coils, which achieve a high positioning accuracy.
This thesis will investigate superconducting linear motors which are suitable for this
application. Both superconducting motors with ac and dc superconducting coils will
be analyzed. Because of the high-dynamic application, the AC losses are a dominant
factor in determining the optimal design of the motors. There is little precedent
for high-dynamic superconducting motors, therefore, models and methods should be
developed to predict their performance. The research goals and objectives of this
thesis are divided into three main aspects.

Modeling methods to predict the electromagnetic behavior of high-dynamic super-
conducting motors

The AC losses and produced force are the main electromagnetic quantities of the
motors which should be estimated. The estimation of the critical current using the
load-line method does not suffice in the comprehensive optimization of high-dynamic
superconducting motors. Models to estimate the AC losses, which include accurate
parametrization of the HTS materials, should be investigated. Various modeling
methods for the electromagnetic behavior of HTS superconducting coils and tapes are
known, and have been investigated and validated mainly for sinusoidal currents at
50 Hz. Because the current and motion profiles in the superconducting motors are
highly dynamic, the existing methods should be verified and their behavior investigated
for non-sinusoidal and high-frequent currents.

Measurement methods for AC losses in HTS coils in high-dynamic motors

Most applications of HTS tapes focus either on dc currents or low-frequent sinusoidal
currents. Measurement methods of the AC losses in HTS coils under the operating
conditions in high-dynamic motors should be developed, and these losses should be
experimentally investigated. In this way, the modeling methods can be validated.
Besides validation of the models, the high-dynamic operation of the superconducting
coils should also be experimentally validated.

Design methods for high-dynamic superconducting motors

Once the performance of a superconducting motor can be predicted, an optimized
design should be synthesized. The design optimization method should determine the
optimum geometric parameters and operating conditions of a superconducting linear
motor topology. The design synthesis requires that the developed models are fast
to obtain accurate performance estimates over the full design space in a reasonable
time. To achieve this, methods to decrease the computation time of the AC loss
models should be investigated. The design approach of superconducting motors will
be different to those of conventional motors since superconducting materials behave
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Material models (Ch. 2)

Finite element models (Ch. 2)

Reduced finite element

Material parameters (Ch. 3)

Models Measurements

Critical current coils (Ch. 3)

AC losses sinusoidal currents (Ch. 3)

AC losses non-sinusoidal currents (Ch. 3)

AC losses moving permanent
models (Ch. 2) magnets (Ch. 4)

Periodic sections motors (Ch. 5)

Full motors and cryostats (Ch. 6)

Fig. 1.11: Overview of the relations between the measurements and models in the chapters
of this thesis.

highly nonlinearly. Insight should be gained about the dependency of the force, losses,
and volume on the geometric parameters of the motor, the operating conditions, and
the superconducting material parameters. Besides the electromagnetic modeling, also
the impact of the cryostat should be included in the design evaluation, to obtain a
globally optimized design.

1.5 Thesis outline

This thesis consists of seven chapters. An overview of the models and measurements
described in the chapters is shown in Fig. 1.11. In Chapter 2 the modeling of
superconducting materials, HTS tapes, and coils is discussed. Modeling methods for
stacks of HTS tapes are given and methods to decrease the computation times of these
models are analyzed. In Chapter 3 an electrical measurement method is given for
AC losses in superconducting coils carrying non-sinusoidal currents. The modeling
methods for AC losses, including experimentally determined material parameters,
are validated against the measurements. In Chapter 4 a calorimetric measurement
method is developed for the measurement of AC losses in superconducting coils in
the presence of moving permanent magnets. Results are compared against the finite
element methods with decreased computation time. Chapter 5 presents a modeling
method for superconducting linear motors, based on the models developed in Chapter 2
which have been validated in Chapters 3 and 4. In this chapter the dependencies of
the AC losses on the motor geometry, operating current, and operating temperature
are analyzed. In Chapter 6 a design optimization method for superconducting linear
motors is applied to two motor topologies suitable for the photolithographic application.
The method is based on the AC loss models as well as models of the heat load of the
cryostat. Finally, conclusions and recommendation are presented in Chapter 7.



Chapter 2

Electromagnetic modeling of
superconducting coils

This chapter presents finite element modeling methods and model simplification
methods for AC losses in superconducting tapes and coils.

The contributions presented in this chapter have been published in:

B.J.H. de Bruyn, J.W. Jansen, and E.A. Lomonova, ‘Finite element model simplifica-
tion methods for stacks of superconducting tapes,’ IEEE Transactions on Magnetics,
vol. 52, no. 7, June, 2016.

B.J.H. de Bruyn, J.W. Jansen, and E.A. Lomonova, ‘Comparison of force density
of various superconducting linear motor types considering numerically evaluated AC
losses,’ IEEE Transactions on Applied Superconductivity, vol. 26, no. 3, Apr., 2016.

B.J.H. de Bruyn, J.W. Jansen, and E.A. Lomonova, ‘Modeling and comparison of
superconducting linear actuators for highly dynamic motion,’ Archives of Electrical
Engineering, vol. 64, no. 4 , pp. 559-570, Dec., 2015.
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2.1 Introduction

As with any electromagnetic design, models for the estimation of the main electromag-
netic quantities are required for the design of superconducting motors. These models
should be fast, such that a large parameter range can be explored, and accurate, such
that the motor can be developed within strict specifications. The main electromagnetic
characteristics of superconducting motors are the magnetic fields, the AC losses, and
the produced forces.

To estimate the AC losses in high-dynamic superconducting motors an electromagnetic
model is required which includes the complex material properties of the superconducting
tapes and the time-dependency of the applied coil currents and magnetic fields.
Conventional electromagnetic design tools, conventional 2D and 3D magnetic solvers
based on finite elements, are not directly suitable for the calculation of AC losses
in superconducting coils. These cannot readily describe the dependencies present in
the superconducting materials and the required modeling of the individual layers of
the superconducting coils results in long solving times. Furthermore, they are not
optimized for the solution of the magnetic fields including highly nonlinear material
properties, which are far more nonlinear for superconducting materials than, for
example, the magnetization curves of soft-magnetic materials.

This chapter describes 2D finite element modeling methods for the calculation of AC
losses in high temperature superconducting coils. In the 2D model, superconducting
coils are represented by stacks of tapes. Several model reduction techniques available
in literature are implemented, and their efficacy for the modeling of AC losses in 2D
magnetic geometries is shown. Furthermore, the model reduction method which is
based on the coupling of a global static and a local quasi-static model is extended to
an iterative coupling.

2.2 High temperature superconducting tapes

Second-generation superconducting tapes consist of several layers of different materials.
Two superconducting tapes, and their typical structure are illustrated in Fig. 2.1.
The thickness and material of the layers vary between different production processes.
The production of the tapes starts with a metal substrate layer of several tens of
micrometers thick for mechanical stability. Buffer layers are deposited on this layer,
with a total thickness of a fraction of a micrometer. A superconducting layer with
a thickness in the order of 1 µm is deposited on top of the buffer layers. To achieve
a high critical current density, the lattice directions of the (Re)BCO crystals, which
form the superconducting layer, should match within a few degrees [58]. The crystal
direction is defined by methods such as rolling-assisted biaxially-textured substrates
(RABiTS) [50] or ion-beam assisted deposition (IBAD) [45]. The crystal structure
of the superconducting layer degrades with increasing height of the superconducting
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Superconducting layer (1-3 µm)

Buffer layers (0.2-0.3 µm)

Substrate (30-100 µm)

Silver layer(1-10 µm)

Copper sheath (20-100 µm)

(a)

(b)

4-12 mm

Fig. 2.1: Geometry of superconducting tapes. (a) Superconducting tapes on 5 mm squared
paper. Left: 4.2 mm wide YBCO tape, produced by SuperPower, right: 12 mm wide YBCO
tape produced by AMSC. (b) Cross-section of a typical second-generation superconducting
tape.



26 Electromagnetic modeling of superconducting coils

layer. Therefore, the critical current of the tape saturates for increasing thickness of
the superconducting layer [83]. The layers are enclosed by a silver sheath of several
micrometers thick and an outer sheath of brass, stainless steel or copper, for thermal
and mechanical stability.

The critical current performance of the tapes increases year-by-year by improvements
in their chemical composition, by increasing the pinning force or adding more pinning
centers [103]. Additionally, technological improvements facilitate the engineering
application of the superconducting tapes. Recent advances in the production of super-
conducting tapes are the addition of an electrically insulating polyimide coating [128],
minimization of the thickness of the substrate down to 30 µm to increase the engi-
neering current density [137], and striation of the tapes to decrease the AC losses [78].
The technology of striation of the tapes and the production of long lengths of striated
tapes is still under development.

2.2.1 Loss mechanisms

Different loss mechanisms of electromagnetic origin exist in the various materials in
an HTS tape. The total losses, Qtot, result from three different mechanisms: the
magnetic hysteresis losses in the substrate layer, Qsub, the resistive losses in the normal
conducting layers, Qres, and the losses in the superconducting layer, Qsc, and are
expressed as

Qtot = Qsub +Qres +Qsc. (2.1)

Magnetic hysteresis losses in the substrate only occur in ferromagnetic substrates.
Since ferromagnetic substrates increase the hysteresis losses in the superconducting
layer, most of the HTS tapes that are recently produced are based on a non-magnetic
substrate.

The resistive losses in the normal conducting layers consist of three components. The
first component are losses resulting from current sharing, where part of the transport
current of the superconducting tape is transported through the normal conducting
layers. These losses are significant only for transport currents much higher than the
critical current of the tape. The second component are eddy current losses resulting
from applied magnetic fields or transport currents in the tape. In HTS tapes, these
losses are usually only significant at frequencies above 200 Hz [23]. In Chapter 3 it is
shown that these losses are not significant for the currents profiles in the investigated
high-dynamic motors. The third component are coupling losses resulting from induced
currents flowing from one superconducting filament to another. Coupling losses occur if
superconducting filaments are connected by a conductive material. In superconductors
in the form of wires with many twisted superconducting filaments, which are mostly
used for the LTS superconductors, these losses can be significant, however, for the
single-filament 2G HTS tapes these losses are negligible.

The losses in the superconducting layer of the tapes can be divided into a flux-flow
component and a flux creep component [120]. In Type-II superconductors, magnetic
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fields can penetrate the superconducting material in the form of flux vortices. These
vortices are pinned to irregularities in the superconducting material with a pinning
force. If the Lorentz force exceeds the pinning force, the vortices move against the
force, leading to dissipation. This is referred to as flux-flow. Thermal activation of
the vortices leads to the redistribution of the vortices over time, referred to as flux
creep, which also results in dissipation. In motor applications of HTS tapes with
non-magnetic substrates, the losses in the superconducting layer are dominant [2, 22].

2.2.2 Superconducting material models

The current-voltage relation of the superconducting material, shown in Fig. 1.3, should
be modeled to accurately calculate the AC losses. Commonly used models are the
critical state model (CSM) and the power-law model.

The CSM assumes that the current density is equal to −Jc, +Jc, or 0, inside the
superconducting material [12]. This model describes only the flux-flow behavior. The
critical current density, Jc, is constant in the CSM, such that the magnetic-field
dependency of the critical current is not modeled. For this model, analytical solutions
exist for the current distribution and AC losses within the superconducting layer.

In the power-law model, the resistivity, ρ, of the superconducting material is described
as [125]

ρ =
Ec
Jc

( |J |
Jc

)n−1
, (2.2)

where Ec is the critical current criterion, Jc is the critical current density, and n
determines the exponential current-voltage relation. The critical state model is
obtained from (2.2) by setting n = ∞. The power-law model corresponds to the
current-voltage relation that is measured for dc currents applied to a superconducting
tape. It does not take into account the transition of the superconducting material to
the normal state for current densities much higher than the critical current density.
Both the flux-flow and the flux creep are described by this model. The electric field,
E, over a superconducting tape relates to the applied current, I, as

E = Ec

(
I

Ic

)n
. (2.3)

The critical current, Ic, of a superconducting tape is defined as the dc transport
current for which the voltage over the tape is equal to the critical current criterion Ec.
For HTS this critical current criterion is generally chosen as 1 µV/cm, while for LTS
the criterion is usually chosen as 1 µV/m.

The critical current generally depends on the temperature, applied magnetic field, and
the angle of the applied magnetic field [144]. The power-law model can be extended
to take into account these dependencies.
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Fig. 2.2: Measured critical current per centimeter width of superconducting tape at zero
applied magnetic field [151] and fitted equation (2.4).

Dependency on temperature

The critical temperature Tc is the highest temperature at which a material is supercon-
ducting, if no external magnetic field is applied to it. At this temperature the critical
current is equal to zero. The critical current increases towards lower temperatures
approximately as [160]

Ic = Ic(T = 0)

(
1− T

Tc

)αT
. (2.4)

where αT is slightly larger than 1. An example of the measured critical current as
function of temperature for a YBCO tape is shown in Fig. 2.2 [151].

Dependency on applied magnetic field

The critical current decreases with the applied magnetic flux density. A simplified
description of this effect is given by the Kim model [82] as

Ic =
Ic(B = 0)

1 + |B|
B0

, (2.5)

where B0 determines the dependency on the applied magnetic field.

The critical current of an HTS tape varies with the angle, θ, of the applied field because
of its anisotropic crystal structure. The angle is defined as 0 for field perpendicular to
the tape, and as 90◦ for field applied parallel to the plane of the tape, as shown in
Fig. 2.3. For magnetic fields applied perpendicularly to the tape surface, the critical
current is generally lower than for magnetic fields applied parallel to the tape surface.
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θ x

y

z

Fig. 2.3: Definition of the angle of the applied magnetic field with respect to the supercon-
ducting tape surface.

The Kim model can be adapted to account for this anisotropy, giving the modified
Kim model [148],

Ic =
Ic0(

1 +

√
k2B2

‖+B
2
⊥

B0

)α , (2.6)

which is an empirical equation. In the model, Ic0 is the field-free critical current
density, k determines the anisotropy, B0 determines the magnetic-field dependency
of the critical current, and α scales the model. The measured critical current data
of a Fujikura tape type FYSC-S10 10-0025-01 at 40 K, presented in [151] is shown
in Fig. 2.4. The figure also shows the critical current modeled by the modified Kim
model, of which the parameters have been obtained by minimizing the least square
error of the function with respect to the measurement data.

Material models in this thesis

All finite element models in this thesis apply the power-law model. In this chapter the
critical current density is modeled as a constant for the validation of finite element
model reduction methods. In Chapter 3 the critical current density as function of the
magnitude and angle of the applied magnetic flux density is measured for a tape. In
Chapters 3 and 4 the AC losses at 77 K in superconducting coils wound from this tape
are measured and modeled. In these chapters the critical current density is modeled
by the modified Kim model of which the parameters have been extracted from the
measurements. In Chapters 5 and 6 the AC losses in superconducting motors are
calculated for a range of operating temperatures. In these chapters the critical current
density is also modeled by the modified Kim model, and the parameters of the model
at different temperatures are obtained from critical current data from literature.

Also the n-value varies with different operating temperatures and applied magnetic
fields. However, the n-value is modeled as a constant in all models in this thesis.
Furthermore, the production process causes inhomogeneities in the superconducting
material properties within a tape. At the edges of some tapes the critical current
density is reduced, and the critical current varies over the length of the tapes. These
variations are not taken into account in this thesis.
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Fig. 2.4: Comparison of the measurement data of the critical current of the superconducting
tape at 40 K (dots) and the critical current modeled by the fit of the modified Kim model on
the measurement data (solid lines) [151].

2.3 Finite element modeling of AC losses

Analytical models based on the CSM give a fast estimation of the AC losses for
time-varying currents in the superconducting coils and time-varying applied magnetic
fields to the coils. However, solutions only exist for the behavior of simple geometries
with a single tape or for an infinite stack of tapes, and for simple material models. To
be able to accurately model the AC losses in the superconducting tapes in a motor,
geometries with a finite number of superconducting tapes, full parametric models of
the superconducting materials, non-periodic and non-sinusoidal applied currents and
magnetic fields, and magnetization of magnetic materials within a geometry should
be taken into account. A general 2D geometry with magnetizable materials, regions
with imposed current density, and a stack of superconducting tapes, is illustrated in
Fig. 2.5. These geometries and materials can be described by Finite Element Method
(FEM) models.

Finite element model implementation

The quantum-mechanical effect of flux pinning is described on a macroscopical scale
by the power-law model. The losses in the superconducting tapes can be calculated
by solving Maxwell’s equations, which describe classical field theory.

Various magnetic field formulations have been proposed which are suitable for the
solution of the magnetic field equations including superconducting material models [88,
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Fig. 2.5: A general magnetic geometry with a stack of superconducting tapes with nonlinear
resistivity, a region with imposed current density, and a region with (nonlinear) magnetization.

101]. The H-formulation, first developed in [16], was chosen here because of its reliable
convergence, low computation time [88], its ability to model magnetized materials, and
its suitability to implement model-reduction methods for stacks of superconducting
tapes [158].

The H-formulation is developed from the quasi-static form of Maxwell’s equations for
magnetic fields at a macroscopic scale, given by

∇×E = −∂B

∂t
, (2.7)

∇ ·B = 0, (2.8)

∇×H = J, (2.9)

where E is the electric field strength, B is the magnetic flux density, H is the magnetic
field strength, and J is the electric current density. The description of the materials is
chosen as

E = ρJ, (2.10)

B = µ0 (H + M) , (2.11)

where ρ is the electrical resistivity, µ0 is the permeability of free space, and M is the
magnetization. The magnetization can be split in an initial part M0 and an induced
part Mi as

M = M0 + Mi. (2.12)

The induced part of the magnetization depends on the magnetic field strength as

Mi = χmH, (2.13)

where χm is the magnetic susceptibility. The magnetic susceptibility is modeled as
isotropic, nonlinear, and non-hysteretic. Therefore, by substituting (2.12) and (2.13)
in (2.11), the magnetic flux density can be expressed as

B = µ0(1 + χm)H + µ0M0 = µ0µrH + µ0M0, (2.14)
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where µr is the relative magnetic permeability.

To obtain the H-formulation, equation (2.7) is expanded as

∇×E = −µ0
∂µr(H)

∂t
H− µ0µr(H)

∂H

∂t
− µ0

∂M0

∂t
. (2.15)

In the finite element model, the electric field strength is calculated from the current
density as

E = ρ(J)J, (2.16)

and the current density in the model is defined as

J = ∇×H. (2.17)

Equation (2.15) is solved in the finite element solver COMSOL [33], which allows to
solve the general PDE

Q
∂u

∂t
+∇ · Γ = fs. (2.18)

A 2D finite element model is implemented, in which all quantities in the direction of
the length of the tape are constant. For conformity with the literature on 2D modeling
of AC losses in superconductors, the model is assumed constant in the z-direction. In
Chapters 4, 5, and 6, the models are assumed constant in the y-direction for conformity
with literature on linear motors. The magnetic field strength, current density, and
electric field strength are given by H = Hxex +Hyey, J = Jzez, and E = Ezez. For
the 2D case, rewriting (2.15) in the form of (2.18) gives

µ0µr

[∂Hx
∂t
∂Hy
∂t

]
+∇ ·

[
0 Ez
−Ez 0

]
= −µ0

[∂µr
∂t Hx + ∂M0x

∂t
∂µr
∂t Hy +

∂M0y

∂t

]
. (2.19)

The parameters of the model are then as follows

u =

[
Hx

Hy

]
, (2.20)

Q =

[
µ0µr 0

0 µ0µr

]
, (2.21)

Γ =

[
0 Ez
−Ez 0

]
, (2.22)

fs =

[−µ0(∂µr∂t Hx + ∂M0x

∂t )

−µ0(∂µr∂t Hy +
∂M0y

∂t )

]
. (2.23)

In the finite element solver, the PDE is converted to a weak formulation, then the
domain is spatially discretized in finite elements, and a set of linear equations is
developed for the magnetic field quantities Hx and Hy on each line of the mesh. The
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number of elements determines the number of linear equations, and therefore the
computation time per iteration. The nonlinear behavior of the materials is solved by
updating the linear equations iteratively using a MUMPS (MUltifrontal Massively
Parallel Sparse direct Solver) [4]. Since the resistivity of the superconducting material is
highly nonlinear with the current density, taking large time steps leads to instability of
the transient solver. Therefore a backward differentiation formula (BDF) time-stepping
algorithm is used, which is suitable for the solution of stiff problems [49].

By solving (2.15) using linear curl-conforming basis functions, or first-order edge-
elements, the current density can be calculated from the state variables as

Jz =
∂Hy

∂x
− ∂Hx

∂y
. (2.24)

A property of this combination of formulation and element type is that the current
density derived from the solution is homogeneous within each mesh element. This
property is used for model reduction methods for stacks of superconducting tapes, as
will be shown in the next section.

2.4 Model reduction methods

The computation time of the finite element models depends on the number of iterations
and the time per iteration. For stacks of superconducting tapes, both the number of
iterations and the time per iteration can be high. Firstly, the high nonlinearity of the
superconducting materials results in a high number of iterations required to converge
to a solution at each time step. Secondly, a high number of mesh elements are required
to model the geometry of the tapes, which increases the time per iteration.

In the finite element model based on the H-formulation, the magnetic field strength on
the edge of each element is solved, and therefore the number of edges determines the
number of degrees of freedom (DoF) of the model. The time per iteration increases
with the number of degrees of freedom [134]. As shown in Fig. 2.1, the aspect ratio
between the width and height of the superconducting layer in an HTS tape is in the
order of 103. As a result, the number of mesh elements in a geometry with a single
superconducting tape is in the order of 104 if the geometry of the superconducting layer
is meshed by the triangular elements generally used in electromagnetic FEM [126].
For a coil with several tens of turns, the mesh of the geometry will have a very high
number of elements. Therefore, the computation times are several tens of hours per
second of simulated time for an un-optimized model of a superconducting motor [20].

Model reduction methods for models of superconducting motors have been implemented
to reduce the computation time of the finite element models, while maintaining accuracy
in the calculated AC losses and forces. The basic steps to reduce the number of degrees
of freedom in the models are to apply rectangular mesh elements, and to increase
the modeled thickness of the superconducting layers. By applying rectangular mesh
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elements the number of mesh elements is greatly reduced [126]. These can be applied if
a rectangular cross-section of the superconducting layer in the tape is assumed, which
is a good approximation for the 2G HTS tapes. Additionally, the modeled thickness of
the superconducting layers can be increased up to 20 to 30 µm to reduce the number
of mesh elements in the non-superconducting material, while the AC losses are still
accurately calculated [1].

In the remainder of this chapter, two model reduction methods are analyzed. In
the first method, the material properties of a stack of superconducting tapes are
homogenized. In the second method, a static magnetic model of the full motor is
iteratively coupled to a quasi-static model of a sub-region with the superconducting
tapes. The reduction in computation times and the discrepancy in the calculated AC
losses between the reduced models and the full models are shown.

2.4.1 Homogenized stack method

The first model reduction method that is analyzed is the homogenized stack method.
In a 2D representation of a linear motor, the coils are modeled as stacks of tapes, as
shown in Fig. 2.6(a). In a coil with electrical insulation between the turns, each tape
carries an equal transport current, and the distribution of the current density within
the tapes does not greatly vary between two adjacent tapes [32, 158]. Therefore, it
is assumed that reducing the number of degrees of freedom in the x-direction of the
modeled distribution of the current density does not strongly influence the calculated
AC losses.

The homogenized stack method reduced the number of degrees of freedom in the finite
element model in two steps. First, the material properties of the superconducting
layer are spatially averaged. Second, the stack of tapes is divided into homogenized
regions in which the current distribution is constant in the x-direction. The method
was applied for stacks of superconducting tapes in [32], and an implementation in the
H-formulation was first given in [158].

The spatial averaging of the material properties is illustrated in Fig. 2.6(a) and
Fig. 2.6(b). All material layers in a superconducting tape are modeled as a single
homogeneous region, and only the properties of the superconducting layer are taken
into account. The critical current density in the homogenized material, Jc,hom, is set
as

Jc,hom = Jc
Ly
d
, (2.25)

where Jc is the critical current density of the tapes, Ly is the spacing between the
stacked superconducting tapes, and d is the thickness of the superconducting layer.

The reduction of the stack of tapes into a number of homogenized regions is illustrated
in Fig. 2.6(c). The stack, representing K superconducting layers each carrying a
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Fig. 2.6: Approximation of a stack of superconducting tapes by a homogenized stack for
K = 6 and M = 4: (a) full model of a stack of superconducting tapes with all layers of the
superconducting tapes, (b) model of the superconducting tapes only taking into account the
superconducting layer, (c) homogenized approximation of the stack of tapes.
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Fig. 2.7: General representation of static magnetic model and a quasi-static magnetic model
including superconducting materials.

current Ik, is divided into M regions in the x-direction. A constraint is set on the
total transport current in each region, Im, as

Im =
K

M
Ik, (2.26)

such that the average current density in the homogenized regions is equal to that in
the tapes. The transport current in each tape in a coil is equal, this is modeled by
requiring ∫ a

−a
Jz dy =

Ik
Ly

(2.27)

in the volume of the homogenized stack [158], where a is the half-width of the
superconducting tapes. In the homogeneous models, (2.27) is satisfied by (2.26) and
the homogeneity of the current density within each rectangular mesh element.

2.4.2 Iterative coupling of static and quasi-static magnetic models

The second model reduction method that is analyzed combines the H-formulation
with 2D static magnetic FEM. Normally, for a complex magnetic model including a
stack of superconducting tapes, as shown in Fig. 2.5, at each iteration the quasi-static
model is solved for all regions, including those in which transient effects are not of
interest. To expedite the solving process, the quasi-static form of Maxwell’s equations
can be solved only in a sub-region containing the superconducting material, while the
full model is solved in the static form. The static form of Maxwell’s equations for
magnetic fields is obtained by setting the time-dependent term in (2.7) equal to zero.
The vector potential formulation is used for the static model and the H-formulation
for the quasi-static model.

The coupling of the static and quasi-static models is illustrated in Fig. 2.7. First,
the static magnetic model is solved at fixed time intervals Ts. Here, a homogeneous
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Fig. 2.8: Iterative coupling of the static and quasi-static models.

current density is assumed in the superconducting tape stack. Next, the quasi-static
model of the sub-region enclosed by the contour C is solved. In the quasi-static model,
the magnetic field strength calculated by the static model is imposed on the contour C.
If the contour is at sufficient distance from the superconducting tapes the distribution
of the current in the static model has a small influence on the magnetic flux density at
the contour. The transient model is solved with small and variable time intervals Tt
determined by the BDF algorithm. A linear interpolation in time is used to obtain the
values of the magnetic field strength at the time of the steps taken by the quasi-static
solver. The one-way coupling of the static and quasi-static models was shown in [157]
and [159].

In this thesis the coupling is extended to an iterative coupling, and the results of
the model reduction methods are validated. The iterative coupling is illustrated in
Fig. 2.8. The current distribution in the stack of superconducting tapes calculated
by the quasi-static model is imposed in the static model, and both the static and
quasi-static models are solved again.

2.4.3 Validation

To validate the model reduction methods, three modeling methods are applied on
a benchmark geometry. The benchmark geometry contains typical components of a
superconducting linear motor: a back-iron, a stack of tapes carrying AC currents, and
a region with alternating current density. A comparison is made between the AC
losses, magnetic flux density, and force calculated by the different modeling methods.

Benchmark model

The geometry and dimensions of the benchmark model are shown in Fig. 2.9. The
model consists of three regions. Region I contains a time-varying current density,
region II contains nonlinear magnetic material, and region III contains a stack of 40
superconducting tapes, with a spacing of the tapes equal to 0.2 mm.

The current density in region I, JI , is defined as

JI = Jpk sin(2πft) sin(2πx/w), (2.28)

where the width, w, of the region is equal to 40 mm, f is equal to 100 Hz, and the
peak current density Jpk is equal to 50 A/mm2. The distribution of the current
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Fig. 2.9: Geometry of the benchmark model with an imposed current density in Region I, a
stack of 40 superconducting tapes, and a nonlinear magnetization in Region II. Dimensions
are given in mm.

density is illustrated by the line in region I in Fig. 2.9. The nonlinear magnetization
in region II resembles magnetic steel, and has an initial relative permeability equal
to 2000 and saturates around 2.2 T. The superconducting tapes in region III carry
a sinusoidal transport current with a frequency of 50 Hz. The critical current of the
tapes is modeled as 100 A, assuming a critical current density that is independent of
the applied magnetic field.

Application of model reduction methods

Three finite element models are implemented to calculate the AC losses in the bench-
mark model. In the full model (FM) the individual tapes are modeled and the full
geometry is modeled in the quasi-static formulation. In the homogenized model (HM),
the homogenization method is applied to the stack of tapes and the full geometry is
modeled in the quasi-static formulation. In the homogenized and iteratively coupled
model (HIM), the homogenization method is applied and the geometry is modeled by
the iterative coupling of the static and quasi-static models. The boundary between the
two coupled models is indicated with contour C1 in Fig. 2.9. The time step in the static
formulation, Ts, is equal to 0.2 ms, while the time step in the quasi-static formulation
is determined by the BDF algorithm, and varies between 10−4 s and 10−12 s.

The mesh of the three quasi-static models is shown in Fig. 2.10. The total number of
mesh elements in the complete models, including the air regions, is 17931 for the FM,
5440 for the HM, 3815 for the static model of the HIM, and 1784 for the quasi-static
model of the HIM. The number of mesh elements in the region of the superconducting
tapes, region III, is 7550 for the FM, 650 for the HM, 32 for the static model of the
HIM, and 650 for the quasi-static model of the HIM.

Current density distribution

The current density distribution in the superconducting tapes shows the highly nonlin-
ear behavior of the material, and is directly related to the AC losses. The distribution
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Fig. 2.10: Mesh of the quasi-static models for which the model reduction methods are
evaluated: (a) full model (FM), (b) homogenized model (HM), (c) quasi-static model of the
homogenized and iteratively coupled model (HIM).
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Fig. 2.11: Current density distribution in 10th tape of the stack of superconducting tapes
at t = 0.0024 s, calculated by the FM, HM, and HIM. Results of the HM and HIM are scaled
to take into account the homogeneization.

in the superconducting layer of the 10th tape of the stack, calculated by the different
models, is shown in Fig. 2.11. The 10th tape corresponds with the third homogenized
region in the HM and the HIM. The results are shown at, t = 0.0024 s. At this time
instant the first maximum in the calculated AC losses occurs. The current density in
the HM and the HIM is scaled according to (2.25). The results show that the current
density is highest at the edges of the tapes. In the regions in which the current density
is higher than 1010 A/m2, the maximum difference between the calculated current
density of the different models is 0.05%. In regions with lower current densities, there
are large discrepancies between the current densities calculated by the different models.
However, the contribution to the AC losses of these regions are negligible because of
the highly nonlinear resistivity of the superconducting material.

In the finite element implementation of the H-formulation with edge elements the
current density is homogeneous in each mesh element. The AC losses will be underes-
timated if the size of the mesh elements in the y-direction is too large. The size of
the mesh elements should be such that at the peak of the applied coil current, Ipk,
the critical current density is reached in several mesh elements in each region. As a
consequence, the number of mesh elements for low transport currents should be higher
than that for high transport currents. The number of mesh elements, h, in the height
of the tape is chosen to be at least

h =
2Ic
Ipk

, (2.29)

where Ic is the critical current of a single tape [23].
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Fig. 2.12: AC losses in the superconducting tapes calculated by the full model, the ho-
mogenized model, and the homogenized and iteratively coupled model for the first three
iterations.

AC losses

The instantaneous rate of heat generation in the superconducting material, Psc, is
calculated from the models as

Psc =

∫
Vsc

EzJz dV, (2.30)

where Vsc is the volume of the domain in which the losses are calculated.

The AC losses calculated by the three models are shown in Fig. 2.12. The average
losses calculated with the HM are 1.1% lower than those calculated in the FM. The
calculated AC losses in the HIM are 3.5% lower than the FM for the first iteration, and
1.4% higher for the second iteration. The discrepancy between the HIM and the FM
is caused mainly by the mapping of the current density from the quasi-static model to
the static model, which have different meshes. The calculation times of the models
from t = 0 s to t = 0.02 s, and the number of degrees of freedom are summarized in
Table 2.1. The calculation times were measured on a PC with an Intel Core i7-3770
CPU at 3.40 GHz, using 4 cores for parallel computation. For the HIM, only the
values of the quasi-static model are reported, since the computation time of the static
model is generally smaller than that of the quasi-static model. The computation time
of the HM is 48% lower than that of the FM, and the computation time of the HIM
is 75% lower than that of the FM. This decrease depends on the geometry that is
modeled.
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Table 2.1: Number of degrees of freedom and calculation time and of the benchmark models
to compute the solution from t = 0 s to t = 0.02 s.

FM HM HIM

Degrees of freedom 24966 7581 1963
Computation time (s) 1079 557 268

In the benchmark model 40 superconducting tapes are modeled. For a higher number
of superconducting tapes in the stack a higher ratio of number tapes to regions in
the homogeneous model can be used. In this case the reduction in computation
time will be higher. In the HIM the number of degrees of freedom in the non-
superconducting part of the model is independent of the number of degrees of freedom
in the superconducting part of the model. For more complex magnetic geometries
such as those of a superconducting linear motor, the reduction of the computation
time between the HIM and the FM can be two orders of magnitude [21].

The difference in the calculated AC losses between the FM and the HIM depends on the
modeled geometry. The effect of the distribution of the current in the superconducting
tapes on the magnetic field at the contour is small if the distance between the
contour and the stack of superconducting tapes is large compared to the height of the
superconducting tapes. In this case, the difference between the losses calculated by
the full model and the decoupled model will be smaller.

Flux density distribution

A comparison is made between the magnetic flux density distribution calculated by
the different models. The results of the quasi-static models within the contour C1, at
the time equal to 0.0024 s, are investigated. The magnetic flux density distribution
calculated by the three models is shown in Fig. 2.13. The figure shows that the
magnetic flux density has a similar magnitude in all three models.

The differences between the models in the calculated magnetic flux density are shown
in Fig. 2.14. Figure 2.14(a) shows the difference between FM and the HM. Locally
the magnetic flux density within the superconducting tape stacks shows discrepancies
up to 30 mT as a result of the different meshes of the two models. The rms value of
the difference between the calculated magnetic flux densities within the shown region
between the FM and the HM is equal to 5 mT.

Figure 2.14(b) shows the difference in the magnetic flux density between the HM,
and the quasi-static solution of the HIM after the first iteration. The maximum
difference in magnetic flux density between the models is 13 mT within the stack of
superconducting tapes. The rms value of the difference over the shown region is equal
to 9 mT, which is 3% of the peak value in the shown region.
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Forces

For the design of motors, the reduced models should be able to estimate the force on
the superconducting coils. The force on the superconducting coils, F, is calculated as

F =

∫
Vsc

J×B dV. (2.31)

The forces in the x- and y-direction on the stack of superconducting tapes, calculated
by the different models are shown in Fig. 2.15. Figure 2.15(a) shows the force calculated
by the FM. The forces are approximately symmetrical around t = 0.01 s. The hysteretic
behavior of the current distribution in the superconducting coils leads to a difference
in the calculated peak force of 1.5%. This hysteretic effect in the force is not taken
into account in the remainder of this thesis. However, for achieving positioning with
nanometer-range accuracy in high-precision applications, nonlinearities in the force of
this magnitude should be taken into account.

Figure 2.15(b) shows the difference in the calculated forces in the x-direction between
the FM and the reduced models. The maximum difference between the FM and the
HM is equal to 1% of the peak force. The maximum difference between the FM and
the static model of the HIM, in which a homogeneous current density is assumed,
is equal to 3.4% of the peak force. Finally, the difference between the FM and the
quasi-static model of the HIM, after three iterations, is equal to 0.7% of the peak
force.
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2.5 Conclusions

This chapter concerned the electromagnetic modeling of superconducting tapes and
stacks of superconducting tapes. The calculation of the AC losses in superconducting
coils is required for the modeling and design of superconducting linear motors.

A finite element modeling method based on the H-formulation has been selected
because it can include detailed material models. Several model reduction methods
from literature, such as rectangular meshes, homogenization of stacks of tapes, and
the coupling of static and quasi-static models, have been implemented.

Three modeling methods have been compared on a benchmark geometry. The full
model (FM) includes individual tapes, the homogenized model (HM) models the stack
of tapes as a homogenized material, and the homogenized and iteratively coupled
model (HIM) additionally separates the model into a quasi-static magnetic model
including the nonlinear superconducting material model, and a static magnetic model.

The comparison of the modeling methods on a benchmark case has shown that
the model reduction methods significantly decrease the computation time, while
discrepancy in the calculated AC losses is acceptable for the design of superconducting
motors. A contribution of this chapter is the iterative coupling between the static and
quasi-static models, and the extensive validation of the model reduction methods.

The difference in the calculated AC losses between the FM and the HM is 1.1%, and
the difference between the FM and the HIM, after the first iteration, is 3.5%. The
after the second step of the iterative coupling, the discrepancy between the HIM and
the HM is reduced to 1.4%.

The computation time of one iteration of the HIM is 75% lower than that of the
FM. For more complex models, such as those of a full linear motor, the reduction in
computation time of the HIM compared to the FM can be two orders of magnitude.

The magnetic flux density and forces calculated by the reduced models are also
approximately equal to those of the full model. The rms value of the difference in
magnetic flux density within the superconducting tape stack between the FM and the
HIM is less than 3% of the peak value of the magnetic flux density in that region. The
difference in calculated forces between the HM, the FM, and the HIM are 1% or less.

In Chapters 3 and 4, AC losses modeled by the methods presented in this chapter
are compared to measurements. The modeled losses are validated for applied coil
currents, as well as applied magnetic fields. The validated models provide a basis
for the design of large-scale superconducting applications with stacks of HTS tapes
described in Chapters 5 and 6.





Chapter 3

AC losses due to non-sinusoidal
currents

This chapter presents measurements of AC losses for non-sinusoidal and high-frequent
currents in HTS coils provided by an electrical measurement method. The measured
AC losses are compared to AC losses calculated by the finite element models presented
in the previous chapter.

The contributions presented in this chapter have been published in:

B.J.H. de Bruyn, J.W. Jansen, and E.A. Lomonova, ‘AC losses in HTS coils for high-
frequency and non-sinusoidal currents,’ IOP Superconducting Science and Technology,
vol. 30, no. 9, Aug., 2017.
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3.1 Introduction

Currently, the main applications for high-temperature superconducting (HTS) tapes
are dc field generation and large power conversion systems. These either operate
with dc current or sinusoidal currents at frequencies below 100 Hz. For this reason,
most investigations on AC losses in superconducting coils have focussed on sinusoidal
currents with a frequency around 50 Hz [66, 106, 161].

In high-dynamic superconducting motors with AC superconducting coils, the coil
currents and applied magnetic fields will be non-sinusoidal and have high-frequency
components [21]. To model the AC losses in these motors, measurement methods
and validated loss models for arbitrary non-sinusoidal and high-frequency currents are
required.

Measurements of AC losses have been reported for sinusoidal currents with frequencies
up to 800 Hz in coils [52, 156, 162] and up to 3800 Hz for tapes [92]. In these
measurements the losses per cycle are weakly dependent on frequency, due to thermally
activated flux creep and eddy current losses in the copper layers. For low-frequency
non-sinusoidal currents, it has been shown that losses related to the addition of a third
harmonic can be accurately predicted [147].

In this chapter, an electrical measurement method is presented which is able to measure
AC losses in superconducting coils for high-frequency and non-sinusoidal currents. The
method is based on direct measurements of the coil voltage and current, is not limited
in its operating temperature, and is fast. An analysis of the main error components in
the proposed measurement method is given. The AC losses are measured in single coils
wound of HTS tapes, without the presence of an iron core or back-iron. Measurements
are performed for sinusoidal currents up to 1 kHz, and for non-sinusoidal currents with
various waveforms including a waveform typical for high-dynamic motor applications.
The measurements are compared to AC losses calculated by finite element models of
the individual tapes in the superconducting coil, equivalent to the full model (FM)
and homogeneized model (HM) presented in Chapter 2. Furthermore, results are
compared to analytical models of the AC losses in stacks of superconducting tapes
based on the critical state model. Finally, conclusions are given on the behavior and
modeling of HTS coils carrying high-frequent and non-sinusoidal currents.

3.2 Loss measurement method

3.2.1 Comparison of loss measurement methods

AC loss measurements for superconducting coils are based on calorimetric, magnetic,
or electrical methods, as illustrated in Fig. 3.1. A comparison of the measurement
methods is given in Table 3.1. The methods are compared on their ability to measure
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Power source

Ploss Thermal/boil-off
measurement
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Electric power

measurement
Magnetic energy

P

Pmagn

Fig. 3.1: Overview of loss measurement methods for superconducting coils.

Table 3.1: Properties of loss measurement methods for superconducting coils.

Thermal Boil-off Magnetic Lock-in Electric integral

Non-sin. currents + + + − +
Temperature range + − + + +
Measurement time © − + + +
Resolution + − + + +
In motor © + − − −

losses for non-sinusoidal currents, temperature range of the measurement, time per
measurement point, resolution of the measured losses, and their capability to measure
AC losses of coils while operating as part of a linear motor.

Calorimetric methods allow for any waveform of the current [80, 110]. Thermal
methods measure the local losses by the local temperature increase [56], and can be
applied at any operating temperature. The boil-off method measures the global losses
by the amount of evaporated liquid coolant, and only works at the boiling temperature
of the liquid coolant. The boil-off method can be a slow method if the measurement
system has a large thermal time constant [35, 75]. With this method an accuracy of
approximately 0.1 W can been achieved, as is shown in Chapter 4.

Magnetic measurement methods measure the hysteresis loop of the magnetic field
produced by the superconducting coil as function of the coil current, and require a
pickup coil enclosing the sample under test [3, 154]. These methods require calibration
of the ratio between the hysteresis loop area and the losses in the coil.

Electrical measurement methods for AC losses measure the current and voltage over
the terminals of a superconducting coil. The two main methods are the lock-in method
and the electric integral method.

In the lock-in method, lock-in amplifiers measure the phase difference between the
first harmonic of the current and the voltage over the sample. Periodical currents i
and voltages v with period T can generally be written as

i = i0 +
∞∑
n=1

an sin(nωt+ αn), (3.1)
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v = v0 +
∞∑
n=1

bn sin(nωt+ βn), (3.2)

where i0 and v0 are the dc components of the current and voltage, an, bn, αn, and βn
are constants, and ω = 2π/T . For purely sinusoidal currents, the time averaged loss
power P is given by

P = i0v0 +

∞∑
n=1

1

2
anbn cos(αn − βn). (3.3)

Therefore, for purely sinusoidal currents, losses can be determined from the phase
difference between the first harmonics of the voltage and current, even if higher
harmonics in the voltage exist due to the nonlinearity of the superconducting materials.
With a lock-in amplifier, only the phase shift between the first harmonic of the current
and voltage can be determined, and this method is therefore only valid for sinusoidal
currents [5, 53, 108].

If the applied current is non-sinusoidal, the higher harmonics of the current also
contribute to the losses. Because the superconducting material is nonlinear the AC
losses are not equal to a linear contribution of the losses resulting from the separate
harmonics of the current.

The electric integral method, based on the integration of the electrical power at the
terminals of the coil, measures the AC losses for arbitrary waveforms of the currents.
The method is based on the direct measurement of the voltage and current over the
superconducting coil or tape. The time-averaged loss power is calculated as

P =
1

tm

∫ tm

0

iv dt = Pstored + Ploss. (3.4)

The power consists of the time-averaged rate of energy storage, Pstored, and the
time-averaged losses, Ploss. For periodic waveforms, either sinusoidal or non-sinusoidal,
the average stored power is equal to zero if the measurement time, tm, is chosen as an
integer multiple of the period of the signal T . In that case, the time-averaged power is
equal to the time-averaged losses.

3.2.2 Description of measurement instrument

To measure the AC losses for non-sinusoidal currents, a measurement instrument based
on the electric integral method was developed. Figure 3.2 shows an overview of the
measurement instrument. Current waveforms are generated by a dSPACE control
system, coupled to a controlled current source by an isolation amplifier. The current
source is a Matsusada 4-quadrant amplifier with a current bandwidth of 20 kHz, a
peak output current of ±100 A, and a peak output voltage of ±20 V. The transport
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Fig. 3.2: Schematic of the electrical measurement instrument.

current is measured by a LEM200-s ultrastab current transducer, with a 500 kHz
bandwidth. The coil voltage and the current are recorded on a LeCroy HDO4024
12-bit digital oscilloscope. Two analog 20 kHz first-order low-pass RC filters reduce
the aliasing errors in the measured signals. Both the voltage and the current signals
are filtered, and the component values of the filters are matched, such that both filters
induce an equal phase shift. By simulations of the measurement signals, a sampling
frequency of 500 kHz is chosen such that the measurement error resulting from aliasing
is sufficiently small.

The two main error sources in the losses measured by the instrument are voltage noise
and time delay between the measured voltage and current signals. The noise on the
current measurement is several orders of magnitude lower than the peak amplitude
of the coil currents while the noise on the voltage measurement is several orders of
magnitude higher than the resistive voltage component of the AC losses. The variation
in the measured AC loss power resulting from the voltage noise depends on the number
of samples. For samples having a standard deviation equal to σ, the standard deviation
of the mean of N samples, σ̄, is given by

σ̄ =
σ√
N
. (3.5)

Therefore, the standard deviation in the measured losses, σl, for a given standard
deviation in the voltage noise, σv, is approximately given by

σl =
Irmsσv√

N
, (3.6)

where Irms is the rms value of the applied current. During the measurements the
voltage noise level is approximately 30 mV. The voltage and current are sampled
for 2 s at 500 kHz to decrease the standard deviation of the measured losses to
σl = 9.4× 10−5Irms[W]. Between two measurements, no current is applied to the
coils for 10 s to allow them to return to thermal equilibrium. The total time per
measurement point is therefore 12 s.
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Fig. 3.3: Current waveforms of the triangular, trapezoidal, and high-dynamic currents
applied to the coils.

A second error source in the AC loss measurements are time delays between the
measured voltage and current introduced by the measurement instrument. A time
delay ∆t between the measured voltage and current signals, for a sinusoidal current
with a frequency f and purely inductive coils, gives an offset in the measured losses
Poffset of

Poffset = LcoilI
2
pkπf sin(2πf∆t), (3.7)

where Lcoil is the self-inductance of the coil. This error increases with frequency, and
the error relative to the actual AC losses are highest for high-frequency currents at low
amplitude. For the realized measurement instrument, a time delay of 0.45 µs between
the measured voltage and current was determined by calibration and is corrected in
the post-processing by re-sampling the measured data.

3.2.3 Measurement procedure

Measurements are performed at 77.2 K, which is the boiling temperature of liquid
nitrogen at 1 atmosphere. The AC losses are measured for transport currents with
different waveforms at different frequencies and amplitudes. These waveforms are
sinusoidal, triangular, trapezoidal, and a waveform as present in a high-dynamic motor
in which the superconducting coils carry ac currents. The waveforms are shown for a
frequency of 20 Hz and peak value of 5 A in Fig. 3.3. The length of the flat tops of
the trapezoidal current are equal to 30% of the period of the signal. For the motor
current, which has a repetition time of 160 ms, only the amplitude of the applied
current is varied. The amplitude of the applied currents is limited by the maximum
inductive voltage over the coils which depends on the waveform and the frequency.
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Fig. 3.5: Dimensions of the manufactured coils in mm.

3.3 Coil production

Two racetrack coils of 4 mm wide YBCO tape produced by SuperPower were wound on
electrically non-conductive G11 coil formers. The coil, together with the current leads
and voltage taps, is shown in Fig. 3.4. The dimensions of the coils are shown in Fig. 3.5.
The parameters of the coils and tapes, are given in Table 3.2. The inductance of the
coils was measured to be 160 µH. The coils were wound with the superconducting
layer on the inside of the coil, with respect to the non-magnetic substrate. A 5
mm wide polyimide adhesive tape was applied to the tapes for electrical insulation
before winding. Wrapping the tapes in Kapton tape was, for a long time, the only
commercially available electrical insulation method. Only recently the application of a
5-20 µm polyimide coating has become commercially available [138]. A cryogenically
compatible epoxy adhesive (3M 2216 B/A Gray) was applied during winding to
mechanically stabilize the tape bundles. Some other cryogenic adhesives are known to
chemically degrade the superconducting layer [10, 73].
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Table 3.2: Parameters of the wound coils.

Coil nr. Nr. of turns Tape ID

1 28 M3-1036-2 MS
2 28 M4-153-2 FS

Table 3.3: Parameters of the modified Kim model fit to the measured data.

Tape ID Ic0 B0 k α

M3-1036-2 MS 111 0.0771 3.45 0.457
M4-153-2 FS 133 0.101 2.08 0.608

3.4 Material parameter identification

The exponential current-voltage curves of short samples of the tape used in the coils
were measured for a range of amplitudes and angles of the applied magnetic flux density.
Measurements were performed at 77 K on samples with a length equal to 10 cm. The
critical current and n-value of the samples were determined by a least-squares fit
of (2.3) to the measured curves, with a critical current criterion of Ec = 1 µV/cm.
The fitted critical current and n-value of both tapes are shown in Fig. 3.6. The angle
with respect to the tape, θ, is defined to be 0◦ perpendicular to the plane of the tape
and 90◦ parallel to the plane of the tape, as shown in Fig. 2.3. For both tapes, the
data show that the critical current for magnetic field applied perpendicular to the tape
(θ = 0◦) is higher than the critical current for magnetic field applied parallel to the
tape (θ = 90◦). This is remarkable, since most publications show that the decrease in
critical current is strongest for magnetic field applied perpendicular to the tape, such
as in Fig. 2.4. However, the same anomaly is observed in other HTS tapes produced
by SuperPower at temperatures of 77 K and for applied magnetic fields lower than
1 T in [151]. The n-value of the current-voltage curve varies with the magnitude and
angle of the applied magnetic field for both measured tapes. At zero applied magnetic
field, the n-value is higher than for low applied magnetic fields.

In order to include the magnetic-field dependent behavior of the superconducting tapes
in the finite element models, the modified Kim model (2.6) is fitted to the measured
critical current of the two tapes with a least-square-error fit. The fitted parameter
values are shown in Table 3.3.

3.5 Critical coil current

For the coils a critical current can be defined in the same way as for the straight
sections of tape. Here, it is defined as the current for which the average voltage over
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Fig. 3.6: Measured critical current parameters of both tapes, as function of applied magnetic
field: (a) Critical current of M3-1036-2 MS tape, (b) critical current of M4-153-2 FS tape,
(c) n-values of M3-1036-2 MS tape, and (d) n-values of M4-153-2 FS tape.

the superconducting tape in the coil is equal to 1 µV/cm. Since both coils consist of 9
meters of superconducting tape, the critical current of the coils is reached for a total
voltage of 0.9 mV over the coils.

Two-dimensional finite element models of the coils are implemented. The coils are
modeled as a straight stack of superconducting tapes, and include the measured
parameters of the modified Kim model. Coil voltages are calculated for dc transport
currents in the coils. Additionally, the voltage over the superconducting coils is
measured as function of applied dc current.

The results of the measurements and models for both coils are shown in Fig 3.7. The
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Fig. 3.7: Measured and modeled voltage over the coils as function of dc current. The critical
current criterion of the coils is 0.9 mV.

measured critical current of coils 1 and 2 are 54.5 A and 66.2 A respectively, while the
modeled values are 57.2 A and 75.5 A.

The critical current calculated by the finite element models is higher than the measured
critical current. There are several possible causes for this. Firstly, in the models a
single straight conductor bundle is modeled, while in the measurements enhancement
of the magnetic field occurs in the bends of the racetrack coils. Secondly, the material
parameters in the model were determined from a straight sample of 10 cm, while these
parameters might vary over the length of the tape [167]. Finally, bending and tensile
stresses in the coils resulting from the winding process can degrade the critical current
of the coils [122].

3.6 Modeling of AC losses

3.6.1 Finite element models

Finite element models are implemented that take into account the geometry, the
superconducting tape properties, and the transients of the currents. The AC losses in
the racetrack coils are modeled by 2D finite element models as presented in Chapter 2.
In the models one stack of 28 tapes is modeled, and each layer is modeled separately.
No methods to decrease the computation time were applied, because the computation
time of the models for only a single coil bundle was sufficiency small. The AC losses
in the model are calculated for two full periods of the applied current, and the mean
losses in the second full period are compared to the measured losses.

In the models, only the superconducting layers are modeled. The power-law model
(2.2) is applied to describe the superconducting material. In all models, the n-value
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Fig. 3.8: Cross-section of a thin strip of superconducting material.

was equal to 20, corresponding to the measured value of the tapes for low applied
magnetic fields. In the models, the dependency of the critical current density on the
applied magnetic field is taken into account. The critical current density is determined
from the measured critical current as

Jc =
Ic

Atape
, (3.8)

where Atape is the cross-sectional area of the superconducting layer. This leads to
an approximation of the critical current density in the measured tapes, because this
assumption does not take into account the self-field of the superconducting tape
and the possible inhomogeneity of the critical current density over the width of the
superconducting tape. The self-consistency of the modeling and measurement of the
current-voltage curves is checked by modeling the dc critical current measurement of
a single strip. It was found that the simulated curve agrees with the modeled material
parameters within 0.5%.

3.6.2 Analytic models

Analytic solutions of the current distribution and AC losses in superconducting
strips exist for the critical state model (CSM) [101]. These models consider only
the superconducting layer, which is assumed infinitely thin, or having a rectangular
cross-section. Furthermore, the tapes are assumed infinitely long in the direction of
the tape. The analytic models assuming the CSM are described below. These are
later compared to the losses calculated by the finite element models which are based
on the power-law model.

The geometry of a thin superconducting strip, in which the thickness is assumed much
smaller than the width, is shown in Fig. 3.8. The width of the tape is equal to 2a.
The hysteretic losses per cycle, Q, for a transport current quasi-statically oscillating
between values of −I0 and +I0, where 0 < I0 < Ic, are given by [109]

Q =
µ0I

2
c

π

(
(1 + i0) ln(1 + i0) + (1− i0) ln(1− i0)− i20

)
, (3.9)

where i0 = I0/Ic.

In coils wound of the superconducting tapes, the tapes are stacked. For an infinite
stack of tapes an analytical equation of the AC losses has been developed, however,
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no direct solution has been developed for a finite stack of tapes. The geometry of an
infinite stack of tapes, in which the distance between two tapes in the stack is equal to
Ly, is shown in Fig. 3.9. The AC losses per cycle of the current, per individual tape,
per meter length, in an infinite stack are given by [101]

Q =
µ0I

2
c

π
i20

∫ 1

0

(1− 2s) ln

[
cosh2(πa/Ly)

cosh2(πi0sa/Ly)
− 1

]
ds. (3.10)

3.7 Results

The frequency and waveform-dependency of the AC losses of the models and measure-
ments are analyzed. While the analytic models assume the CSM, the finite element
models assume the power-law model. The losses given by the analytic models based on
the critical state model are independent of the frequency and waveform of the current.
The losses given by the finite element models, which are based on the power-law model,
do depend on the frequency and the waveform of the currents.

First, the results of the finite element models for different n-values and the analytic
equations are compared. Then, the measured AC losses are analyzed and compared to
the finite element models.

3.7.1 Dependency of AC losses on the n-value

The AC losses in coil 1, calculated by the FEM model as function of the n-value, for
currents with a peak value of 40 A and a frequency of 50 Hz and 1 kHz are shown in
Fig. 3.10. The losses given by the finite element models are lower than those given
by (3.10), because the losses in an infinite stack are higher than those in a stack with
a finite number of tapes. The losses calculated by the finite element model show a
dependency on both the frequency as well as the waveform of the currents.

For all waveforms, the calculated losses per cycle at 1 kHz (gray lines) are lower than
those at 50 Hz (black lines). Both the frequency-dependency and the dependency of
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Fig. 3.10: Modeled AC losses per cycle as function of the n-value, for 50 Hz (black lines)
and 1 kHz (gray lines) currents with various waveforms with a peak value of 40 A in coil 1.
The losses given by (3.10) are given for comparison.

the losses on the waveforms decrease towards higher n-values. This indicates that the
model contains mixed hysteretic and resistive behavior. For an n-value equal to 1,
the material is modeled as having a linear resistivity. In this case, the losses are a
combination of resistive losses related to the rms current and losses related to induced
currents which depend on the frequency. For an n-value close to infinity, the behavior
of the losses is purely hysteretic. In this case, the losses per cycle are independent of
frequency. For the n-values typical for HTS tapes, between 10 and 30, the modeled
behavior is weakly frequency-dependent [99, 125].

While for the model based on the CSM the losses only depend on the peak value of
the periodic currents, the finite element model based on the power-law model predicts
that losses increase with the rms value of the current. For equal peak values of the
currents, the AC losses for trapezoidal currents are higher than those for sinusoidal
currents, and for triangular currents the losses are lower than those for sinusoidal
currents. This is related to the resistive contribution to the losses, the rms value of
the trapezoidal currents are 21% higher than that of sinusoidal currents and the rms
value of the triangular currents are 18% lower than that of sinusoidal currents.

3.7.2 Measures of discrepancy

The measurements and models cover a wide range of amplitudes and frequencies, and
the values of the AC losses vary over a few orders of magnitude. Two measures of



62 AC losses due to non-sinusoidal currents

discrepancy are defined to compare between two sets of measured or modeled AC
losses. The first is the mean percentual difference (MD), which is calculated as

MD(P1, P2) = 100%× 1

K

K∑
k=0

P1(k)− P2(k)

P1(k)
, (3.11)

where K is the number of measurement points for all frequencies and values of peak
current for a waveform, and P1 and P2 are sets of measured or modeled losses for a
given waveform. The second measure of discrepancy is the mean absolute percentual
difference (MDA), between two sets of measurements or simulations, which is calculated
as

MDA(P1, P2) = 100%× 1

K

K∑
k=0

|P1(k)− P2(k)|
P1(k)

. (3.12)

3.7.3 Variation of AC losses between coils

The AC losses measured for coil 1 and coil 2, for sinusoidal currents at different
frequencies and amplitudes, are shown in Fig. 3.11. The MD for the measured losses of
coil 1 and coil 2 for sinusoidal currents is equal to 1%, while the MDA is equal to 15%.
These results show that the loss measurements are similar even for coils wound from
tapes with different parameters. Since the measurements are not sensitive to small
changes in tape parameters, it is expected that the losses can be modeled with similar
correspondence. The losses calculated by (3.10) give a correct estimate of the order
of magnitude of the losses and on the dependency of the losses on the peak current.
The losses at 50 Hz given by (3.10) are a factor 3 higher than the measured losses for
peak currents of 12.5 A, and a factor of 1.7 higher for peak currents of 50 A. In the
remainder of this chapter measurement and models of coil 1 are shown.

3.7.4 Global discrepancy between measurements and models

The measured losses in case of sinusoidal, triangular and trapezoidal currents are
compared to the modeled losses over their full range in Fig. 3.12. The models match
well with the measurements for all waveforms for frequencies up to 200 Hz. However,
the models underestimate the measured losses at higher frequencies. While in the
measurements the losses per cycle increase slightly with frequency, in the models
the losses per cycle decrease at higher frequencies. Table 3.4 shows the MD and the
MDA between the measured and simulated losses for different waveforms. On average,
the models predict the measured losses with 20% accuracy.

3.7.5 Dependency of AC losses on frequency

The simulated and measured losses per cycle of sinusoidal current, as function of
frequency, are shown for different peak currents in Fig. 3.13. The AC losses per cycle
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Fig. 3.11: Measured AC losses for sinusoidal currents in coil 1 (black lines) and coil 2 (gray
lines), and losses given by (3.10) at 50 Hz (thick gray line).
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Table 3.4: MD and MDA between measured losses of coil 1 and losses modeled by the finite
element model.

Sinusoidal Triangular Trapezoidal

MD(Pmeas,Pmodel) +20% +9% +20%
MDA(Pmeas,Pmodel) 21% 18% 22%
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Fig. 3.13: Measured (symbols) and modeled (lines) AC losses per cycle of sinusoidal current
for different peak values of the current. On the left of the dashed line the measured AC losses
decrease with frequency, on the right of the dashed line the measured AC losses increase with
frequency.

depend on the frequency of the current. At lower frequencies the discrepancy between
the models and the measurements is smaller. The modeled losses per cycle decrease
with increasing frequency because the resistive component of the losses per cycle
decrease with increasing frequency. On the left side of the dotted line in the figure, the
measured losses per cycle follow the decreasing trend in the models. The frequency at
which the minimal losses per cycle are measured depends on the peak value of the
current. For peak currents of 50 A the losses per cycle are minimal at 100 Hz, while
for peak currents of 10 A the losses per cycle are minimal at 350 Hz. On the right
side of the dotted line in the figure, the measured losses increase with frequency, while
the simulated losses decrease with frequency over the full range. The increase in the
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Fig. 3.14: Measured AC loss per cycle for sinusoidal (solid black lines), triangular (dashed
black lines), and trapezoidal (solid gray lines) current waveforms, at different frequencies and
peak values of the current.

measured losses at higher frequencies and peak amplitudes is related to eddy current
losses in the non-superconducting layers [54], the slow thermal diffusion within the
tapes, and the increase of the global temperature of the superconducting coil at high
loss values [163].

3.7.6 Dependency of AC losses on waveform

The CSM predicts that the AC losses are independent of the current waveform, while
the AC losses predicted by the power-law models do depend on the waveform. The
measured dependency of the AC losses on the different waveforms is shown in Fig. 3.14.
The figure shows that, for equal peak currents, the AC losses for trapezoidal waveforms
are higher than those for sinusoidal waveforms and that the AC losses for triangular
waveforms are lower than those for sinusoidal waveforms, as is predicted by the finite
element models.

The measured and modeled losses for sinusoidal, triangular, and trapezoidal current
waveforms at 20 Hz and 200 Hz are shown in Fig. 3.15. The figure shows that
the models predict both the absolute value of the AC losses, as well as the relative
differences in the AC losses between the different waveforms.

Table 3.5 shows the MD of between AC losses for sinusoidal and non-sinusoidal
currents. These numbers indicate the average difference in measured and modeled
losses compared to measured and modeled losses for sinusoidal currents. The rms value
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Fig. 3.15: AC losses for currents with a fundamental frequency of 20 Hz and 200 Hz, for
measured and simulated losses with sinusoidal, triangular, and trapezoidal currents.

Table 3.5: MD and between measured and modeled losses of coil 1 between sinusoidal and
non-sinusoidal current waveforms.

Triangular Trapezoidal

MD(Pmeas,Pmeas,sine) -13% +16%
MD(Pmodel,Pmodel,sine) -7% +17%

of a triangular waveform is 18% lower than that of a sinusoidal waveform with an equal
peak value, while the measured MD between the AC losses by triangular and sinusoidal
waveforms is -13%. The rms value of a trapezoidal waveform is 21% higher than that
of a sinusoidal waveform with an equal peak value, while the measured MD between
the AC losses by trapezoidal and sinusoidal waveforms is +16%. Therefore, the
measurements confirm that the AC losses are dependent waveform of the current.
These trends are also predicted within 6 percentage points by the finite element models.

3.7.7 AC losses by motor currents

Lastly, losses with the current waveform equal to those expected in a high-dynamic
motor have been measured. The current waveform as shown in Fig. 3.3 was scaled
to achieve waveforms with peak currents ranging from 5 A to 50 A. The AC losses
obtained from measurements and simulation are shown in Fig. 3.16. The AC losses
were modeled by two finite element models, equivalent to the full model (FM) and the
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homogenized model (HM) of Chapter 2. In the FM, which is used for all other FEM
models in this chapter, the 28 tapes are modeled as individual regions, while in the
HM the bundle of tapes is modeled as 5 homogeneous regions. For both models the
anisotropic and field-dependent material model is used.

For each value of peak current, the measurement was repeated 7 times. The maximum
differences between the mean measured losses and the modeled losses are 0.3 mW for
peak currents of 5 A, and 35 mW for peak currents of 50 A. For peak currents higher
than 12.5 A, which is 11% of the critical current of the tape, the difference between
the mean measured and the modeled AC losses by the full model is lower than 7%.

The discrepancy between the AC losses determined by the HM and the measurements
is smaller than that between the FM and the measurements. However, since the HM
is an approximation of the FM, it cannot be concluded that the HM is in general more
accurate. The discrepancy between the HM and the FM is 21% for peak currents of
12.5 A, and decreases for higher values of the peak current.

3.8 Conclusions

The AC losses for high-frequent and non-sinusoidal currents have been investigated by
measurements and models. The proposed electrical measurement instrument for these
waveforms is straightforward, fast, requires no calibration, and is carefully designed
not to introduce a phase shift between the measured voltage and current. The finite
element models describe the superconducting material by the power-law material
model and the modified Kim model with experimentally determined parameters. An
average difference of 20% is found between the AC losses calculated by the finite
element models and the measurements, for various current waveforms over a frequency
range of 20 Hz to 1 kHz.

A mixed resistive and hysteretic behavior was observed in both the measurements
and in the finite element models. The losses in the superconducting layer per cycle of
applied current decrease towards higher frequencies, since the resistive component then
decreases. At frequencies below 100 Hz, the measured losses as function of frequency
follow the trends predicted by the FEM models. At higher frequencies, additional
loss mechanisms become significant in the measurements which are not included in
the models. These are eddy current losses in the non-superconducting layers of the
tapes and losses resulting from the slow thermal diffusion in the coil, which results
in increased operating temperature of the superconducting tape. The dependency of
the AC losses on the waveforms of the currents in the measurements is accurately
predicted by the finite element models. At equal peak values, current waveforms with
a higher rms value result in higher AC losses.

It has been shown that the AC losses can be measured and modeled for non-sinusoidal
currents for high-dynamic motor applications. The accuracy of the models is sufficient
to estimate the maximal coil current in a superconducting motor since the AC losses
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increase dramatically with increasing peak coil current. For the analyzed current
waveform, the discrepancy between the AC losses determined by the measurements
and the models is lower than 7% for peak currents higher than 11% of the critical
current.

To model the AC losses in a superconducting linear synchronous motor, the losses
resulting from the varying magnetic fields applied to the superconducting coils resulting
from the movement of the permanent magnets should also be taken into account.
Therefore, in Chapter 4 the AC losses resulting from the movement of permanent
magnets in a linear motor configuration are analyzed.



Chapter 4

AC losses due to moving
permanent magnets

This chapter presents a calorimetric measurement instrument and measurements of
AC losses in superconducting coils resulting from applied currents and from applied
magnetic fields by moving permanent magnets.
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4.1 Introduction

AC losses in superconducting coils result from both applied time-varying currents
and applied time-varying magnetic fields. In a high-dynamic motor in which the
stator contains superconducting coils, alternating magnetic fields will be applied to
the superconducting coils by the mover. The alternating fields result from the relative
motion of the stator and mover, as well as the possible variation of the coil currents in
the mover. AC losses resulting from the motion of permanent magnets (PMs) occur,
for example, in the motors shown in Fig. 1.7(a) and Fig. 1.8(a), and losses from the
variation of currents in non-superconducting coils occur in the motors shown in Fig. 1.5
and Fig. 1.6. The losses resulting from the movement of PMs should be taken into
account in the design and analysis of superconducting linear motors.

The electrical measurement method presented in Chapter 3 is not directly applicable for
measuring the AC losses in superconducting coils in a motor application. An overview
of the electrical, magnetic, and calorimetric energy conversion in a superconducting
motor is shown in Fig. 4.1. The overview is shown for a moving-permanent-magnet
motor with stationary superconducting coils. In the electrical measurement instrument
of Chapter 3, energy was added to the superconducting coil only via the electrical leads.
In that case, the sum of stored energy and losses can be determined by integration of
the electrical power into the coil. The electrical measurement method for AC losses
is not suitable for the measurement of AC losses in the situation shown in Fig. 4.1.
In this case, the mechanical energy transfer to the moving PMs and the electrical
and mechanical losses in the mover add additional paths for the energy to flow into
and out of the system. To measure the AC losses by integration of the total energy
transfer to the system would require the measurement of the integral of the mechanical
input power as well as the integral of any mechanical or electrical losses in the mover.
Alternatively, the total AC losses can be determined directly by a calorimetric method.

In the current chapter, a calorimetric measurement instrument is developed to investi-
gate the AC losses in superconducting motors. The instrument, based on the boil-off
method, allows the measurement of AC losses resulting from the applied magnetic
field by the movement of PMs, as well as the measurement of AC losses resulting from

SC coil

PM array

Electrical energy

AC losses

Mechanical energy

Electromagnetic energy

Electrical and
mechanical losses

in stator

in mover

Fig. 4.1: Overview of energy conversion in a superconducting motor.
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arbitrary current waveforms applied to a superconducting coil with frequencies up
to 1 kHz. The AC losses for applied currents obtained by the measurement instru-
ment presented in this chapter are compared to those of the electrical measurement
instrument presented in Chapter 3.

4.2 AC loss measurement by the boil-off method

The boil-off measurement method for AC losses is based on the measurement of the gas
flow of an evaporating liquid coolant. For the experiments presented in this chapter
the coolant is chosen as liquid nitrogen (LN2). If liquid nitrogen is at its boiling
point any added heat results in a phase transition of a fraction of the liquid. The
heat generated by the AC losses can be determined by measuring the resulting gas
flow. The advantage of the boil-off method is that the gas flow is independent of the
stored electrical or mechanical energy. Furthermore, the waveform and frequency of
the applied currents and magnetic fields are not limited by the measurement method.

Several measurement instruments based on the boil-off method for liquid nitrogen
have been developed for the measurement of AC losses in superconducting coils [35,
75, 80, 110, 162]. In these measurement instruments, a superconducting coil is placed
in a vessel with LN2, and heat leaking into the vessel is minimized by placing the
vessel in a vacuum cryostat or in a second vessel with LN2. The time required per
measurement point depends on the boiling process of LN2 and on the heat capacity of
the measurement instrument and the sample. Measurement times between 10 and 30
minutes per measurement point are reported for superconducting coils consisting of 10
to 180 turns, and the reported accuracy with which the AC losses can be determined
ranges from 0.1 W to 0.5 W [35, 75, 110, 162].

For the design of a measurement instrument using LN2, the thermodynamic behavior
of nitrogen is analyzed. The expected volume gas flow rate at the flow meter, V̇ , per
Watt of input power, is given by

V̇ =
1

ρghvapp
= 4.32 [ml ·W−1s−1] = 0.260 [L ·W−1min−1], (4.1)

where ρg=1.162 kg/m3 is the mass density of nitrogen gas at 293 K and 1 atmosphere
and hvapp=199 kJ/kg is the heat of evaporation of liquid nitrogen at 1 atmosphere [110].
The mass density of the gas depends on the temperature and pressure of the gas,
and the heat of evaporation and boiling temperature depend on the pressure of the
gas. These dependencies are taken into account in the design of the measurement
instrument.

4.3 Description of measurement instrument

A measurement instrument based on the boil-off method with two vessels containing
LN2 is proposed. The concept of the instrument is shown in Fig. 4.2. In the
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Fig. 4.2: Concept of the measurement instrument for AC losses in superconducting coils in
the presence of moving magnetic field sources, based on two vessels containing liquid nitrogen.

measurement instrument, a permanent magnet array is mounted on a linear motor,
which can move in the x-direction. The superconducting coil is mounted in the inner
vessel with LN2, and an outer vessel with LN2 minimizes the heat leaking into the inner
vessel. The bottom of both the inner and outer vessel are constructed of electrically
non-conducting G11 glass-fiber epoxy, such that no heat is generated in them by eddy
currents resulting from the alternating magnetic fields of the superconducting coil or
movement of the permanent magnets. The inner and outer vessel are both constructed
of stainless steel. The outer vessel is also thermally insulated, to reduce the rate of
evaporation of the nitrogen. The leads of the superconducting coil are connected to
copper current leads outside the inner vessel, such that no heat is added to the inner
vessel through resistive losses in the current leads.

The flow of nitrogen gas is measured by a gas-flow meter. The average power of the
AC losses is determined from the flow-meter reading. A heat exchanger reduces the
variation in the temperature of the measured gas.

4.3.1 Design of boil-off measurement

The measurement instrument is designed to maximize the linearity between the heat
generated by the AC losses and the measured flow. The boiling temperature of LN2
is dependent on the pressure. Therefore, if a pressure difference exists between the
inner and the outer vessel, these vessels have different boiling temperatures. The
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temperature difference between the vessels then leads to a heat flow from one vessel
to the other. This effect results in a nonlinearity in the measured flow as function of
the input power. The dependency of the boiling temperature on the gas pressure of
nitrogen is determined as kp=0.01 K/mbar at 77.3 K [47]. To minimize the pressure
difference between the inner and outer vessels, a mass-flow meter with a low differential
pressure was selected. The type of flow meter is a Bronkhorst F-101D-AGD-22-E
Digital Mass Flow Meter, calibrated for nitrogen at 1 atm and 20◦C. The maximum
flow rate that can be measured by the flow meter is 2.8 L·min−1, which corresponds
to 10.85 W. The pressure drop over the flow meter, ∆P , is equal to 0.8 mbar at the
maximum flow rate.

Thermal insulation is applied on the inside of the inner vessel. This insulation serves
two purposes. Firstly, any eddy current losses occurring in the wall of the inner vessel
will mainly result in evaporation of nitrogen in the outer vessel. Secondly, the thermal
resistance between the inner and outer vessel is increased, which decreases the heat
flow between the vessels per unit of temperature difference. The thermal resistance
between the inner and outer vessels is dominantly determined by the 0.5 mm thick
G11 bottom plate of the inner vessel.

The heat flow from the inner to the outer vessel, Q̇io, resulting from the maximum
pressure difference over the flow meter, is calculated as

Q̇io =
∆Pkp
Rth

= 0.15 W. (4.2)

Here Rth is the thermal resistance from the inner to the outer vessel calculated for
the G11 bottom plate.

The boiled-off nitrogen gas is passed through a heat exchanger with a low pressure
drop, such that the gas at the flow meter is heated up to room temperature. The heat
exchanger consists of a brass cylinder with six flow tubes and is designed such that it
has a small gas volume and low pressure drop. The specified maximum deviation of the
measured gas flow by variation of the temperature of the measured gas is 0.08 W/K
at the maximum gas flow rate.

4.3.2 Mechanical and thermal design

The main challenges in the mechanical design of the measurement instrument were to
minimize the air gap between the superconducting coil and the magnets, to achieve a
high stiffness of the position of the superconducting coil while keeping a large thermal
resistance to the inner vessel, and to take into account the differences in thermal
contraction between the different applied materials. The final design and the realized
measurement instrument are shown in Fig. 4.3. The main design parameters of the
measurement instrument are given in Table 4.1.

The superconducting coils are wound on non-conductive coils formers, which consists
of three glass-fiber epoxy plates. The superconducting coils described in Chapter 3
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Fig. 4.3: The measurement instrument for measurement of AC losses in superconducting
coils with moving permanent magnets: (a) technical drawing and (b) realization.
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Table 4.1: Main design parameters of the boil-off measurement instrument.

Parameter Value Unit

Maximum rms coil current 60 A
Maximum frequency sinusoidal currents 1000 Hz
Maximum force in x-direction 100 N
Maximum force in z-direction 100 N
Maximum velocity mover 1.5 m/s
Range measured AC loss 0-10 W

are mounted on 3 mm thick aluminum-oxide plates for mechanical stiffness. These are
then supported by three V-frames leading to the edge of the lid of the of the inner
vessel. The inner vessel itself is also supported by V-frames and connected to the
outer vessel. Finally the outer vessel is connected by three A-frames to the baseplate
of the linear motor that moves the permanent magnets.

Liquid nitrogen leaking into the inner vessel will result in an error in the measured
gas flow. Therefore, the inner vessel is designed to be fully closed. The inner vessel
consists of a stainless steel cylinder, which is closed by an indium seal. The bottom of
the inner vessel consists of a glass fiber epoxy plate, which is glued to the stainless
steel cylinder by an epoxy glue. Small glass-fiber epoxy disks are placed between
the superconducting coil and the bottoms of the inner and outer vessel to maintain
spacings of 1 mm between all three elements.

Feedthrough of superconducting tapes
The current leads for the superconducting coils are fed through the lid of the inner
vessel since copper current leads inside the inner vessel would lead to resistive losses in
the inner vessel. The design and realization of the feedthrough are shown in Fig. 4.4.
The feedthrough consists of two copper bushings in which the superconducting current
leads are soldered. The transition from the copper current leads to the superconducting
leads is made in the outer vessel. The round copper bushings are connected to a G11
disk with 3M 2216 A/B epoxy. The disk is inserted in a stainless steel flange which is
connected to the inner vessel by an indium seal. Several prototypes of the feedthrough
were made, in which the superconducting tape was glued in round or rectangular
holes in epoxy plates directly without the copper bushing. These tests showed that
high thermal stresses in the epoxy around the thin superconducting tapes resulted in
fractures.

Resistive current leads
Resistive current leads minimize the heat load of the copper current leads on the outer
vessel, by inserting a relatively high thermal resistance in the copper current lead. The
realized current leads are shown in Fig. 4.5. The design of resistive current leads is
discussed in Section 6.2.5. The current leads in the measurement instrument, which
have a cross-section equal to 0.79 mm2, were tested up to 55 A rms.
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Fig. 4.4: Feedthrough for the superconducting current leads into inner vessel: (a) concept,
(b) realization.
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Fig. 4.5: Realization of the resistive current leads.
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4.3.3 Calibration

The measurement instrument was calibrated for two configurations, indicated as
configuration A and B. In configuration A the outer vessel is replaced by a styrofoam
container, which provides a high thermal insulation. This results in a stable gas flow
since the heat leaking into the inner vessel through the G11 bottom plate is reduced.
In this configuration, the AC losses by currents applied to the superconducting coil
can be measured with a high accuracy. In configuration B the inner vessel is placed in
the outer vessel, as shown in Fig. 4.2, which allows for the measurement of AC losses
with moving permanent magnets.

A resistive heater was used to generate heat in the inner vessel for the calibration of
the instrument. Measurements of the gas flow were taken with a measurement time
of 600 s per measured point. After the flow has stabilized in the first 300 s of the
measurement, the mean value of the last 300 s of the measured flow was taken as the
measurement point. The gas flow caused by heat leaking into the inner vessel shows a
linear decrease as function of time which is subtracted from each measurement.

The results of the calibration measurement for configuration A are shown in Fig. 4.6(a).
A first order polynomial is fit to the input power as function of measured flow by the
least-square error method. The fit gives value of 0.251 L·W−1min−1, which is 4%
lower than the value given by (4.1). This value is used to convert the measured flow
to AC loss power for all measurements in configuration A.

Assuming a linear relation between input power and measured flow and a Gaussian
distribution of the variation in the measurement points, a 95% prediction interval and
a 95% confidence interval are calculated around the fit [51]. The prediction interval
indicates the accuracy with which the value of new data points can be predicted. This
interval indicates that 95% of all new measurement points will fall within the interval.
The confidence interval indicates the goodness of the linear fit. This interval indicates
that there is a 95% probability that the true linear relation between the flow and
power falls within the interval.

The residuals of the measurement data and the first order fit are shown in Fig. 4.6(b).
The linear approximation of the dependency between the heater power and the
measured flow is accepted since the distribution of the residuals does not show a strong
trend as function of the measured flow. The maximum width of the 95% prediction
interval over the range of 0 to 2500 ml/min is equal to 0.60 W, and the maximum
width of the 95% confidence interval over this range is equal to 0.19 W.

The results of the calibration for configuration B are shown in Fig. 4.7(a). For this
calibration the first order polynomial fit gives a value of 0.252 L·W−1min−1. This
value is used to convert the measured flow to AC loss power for all measurements in
configuration B. The maximum width of the prediction and confidence intervals are
1.12 W and 0.57 W respectively.
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Fig. 4.6: Calibration of the measurement instrument for configuration A, showing (a) the
relation between flow rate and the heat generated by the resistive heater and (b) the residuals
of the first order polynomial fit.
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Fig. 4.7: Calibration of the measurement instrument for configuration B, showing (a) the
relation between flow rate and the heat generated by the resistive heater and (b) the residuals
of the first order polynomial fit.
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4.4 Measurement results

Measurements were performed for AC losses resulting from applied ac currents to
the coil the measurement instrument in configuration A, and for AC losses resulting
from the movement of permanent magnets using the measurement instrument in
configuration B. Results are shown for coil 1 of which the parameters are shown in
Table 3.2.

4.4.1 AC losses by applied coil currents

AC losses by non-sinusoidal coil currents

The AC losses measured by the calorimetric method are compared to the AC losses
measured by the electrical method presented in Chapter 3, in which the same super-
conducting coil is used in the measurements.

The AC losses are measured for different waveforms of the current through the
superconducting coils, which are shown in Fig. 3.3. Figure 4.8 shows the measured AC
losses for different waveforms and frequencies, measured by the electrical measurement
method and the calorimetric measurement method. For the calorimetric measurement,
each point in the figure represents the mean value of several measurement points. The
standard deviation of each point in the figure is indicated, which takes into account
the standard deviation of the measured data points as well as the confidence interval
of the calibration for configuration A of the measurement instrument.

For all current waveforms, the results of the calorimetric measurement method follow
the trend of the electrical measurement method. For frequencies of 50 Hz and 200 Hz,
the majority of the measurement points of the AC losses by the electrical measurement
method are within one standard deviation of the AC losses measured by the calorimetric
measurement method. At frequencies of 500 Hz and 1 kHz, the AC losses measured by
the calorimetric measurement method are higher than those for the electrical method.
This difference increases up to 30% with the peak value of the coil current, and could
be caused by eddy current losses in the inner vessel of the calorimetric measurement
instrument.

The results for sinusoidal currents, shown in Fig. 4.8(a), show a large discrepancy
at 20 Hz. At this frequency the losses measured by the calorimetric method are
significantly lower than the losses measured by the electrical method. For the triangular
current waveform, shown in Fig. 4.8(b) the AC losses could be measured up to 1000 Hz
in the calorimetric measurement instrument after the quench detection system of the
measurement instrument was enhanced. The results for trapezoidal currents, shown
in Fig. 4.8(c) are limited up to 200 Hz because of the maximum voltage of the current
source.
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Fig. 4.8: AC losses in the superconducting coil, as function the applied coil current with
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metric measurement method in configuration A (black). Results are given for (a) sinusoidal,
(b) triangular, and (c) trapezoidal current waveforms.
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Fig. 4.9: Measured AC losses in the superconducting coil for high-dynamic coil currents for
the calorimetric measurement method in configuration A (black symbols) and the electrical
measurement method (gray symbols).

AC losses by high-dynamic coil currents

The AC losses resulting from the high-dynamic current shown in Fig. 3.3 were measured
by the calorimetric measurement method. The measured AC losses by the electrical
and calorimetric measurement methods are shown in Fig. 4.9. For the calorimetric
measurement, each data point represents the mean value of several measurement
points, and the standard deviation taking into account the confidence interval of the
calibration. For the electrical measurement, each data point represents the mean value
of several measurement points, and the standard deviation of these points.

The losses measured by the two methods fall within one standard deviation, for 75% of
the measurement points. For the losses measured at 50 A peak current, the measured
losses by the calorimetric method are 13% higher than the electrical method.

The resolution of the calorimetric measurement method is approximately 0.1 W, while
the resolution of the electrical method is approximately 5 mW. For losses higher than
0.1 W, the standard deviation of the calorimetric measurement method is a factor 17
to 20 higher than that of the electrical measurement method.

4.4.2 AC losses by moving permanent magnets

The AC losses by the movement of permanent magnets were measured by moving a
permanent-magnet array below the superconducting coil. The geometry of the coil
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Fig. 4.10: Dimensions in mm of the superconducting coil and permanent magnet array:
(a) overview of the coil and magnet array (b) detail with additional dimensions.

and magnet array are shown in Fig. 4.10. The permanent magnet array is mounted
on a linear motor. The remanence of the permanent magnets at room temperature
is equal to 1.23 T and their relative permeability is equal to 1.03. The depth of the
permanent magnet array is equal to 70 mm. The air gap, hg, between the permanent
magnets and the superconducting coil measured to be 8.8 mm.

AC losses as function of repetition rate motion magnets

The AC losses in the superconducting coils resulting from the movement of the
permanent magnet array were measured by the calorimetric measurement instrument.
In the measurements, the magnet array was moved with a stroke of 0.5 m, with
different repetition rates. For each rate, the gas flow was measured for 600 s, and the
mean value of the last 300 s of the flow was used as one measurement point. In these
measurements no transport current was applied to the superconducting coil.

The measured AC losses in the superconducting coil, as function of the number of pole
pairs of magnets passing below the coil per second, is shown in Fig. 4.11. Each data
point represents the mean value of several measurement points. The interval around
the measurement points takes into account the standard deviation of the determined
mean value.

A linear relation between the frequency of the movement and the AC losses was
observed. This is expected since the AC losses in the superconducting coil depend
approximately linearly on the frequency of the applied magnetic fields.

AC losses as function of dc transport current

The AC losses resulting from the movement of the permanent magnet array were
measured for different values of the dc current applied to the superconducting coil.
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Fig. 4.11: Measured AC losses in superconducting coil as function of the frequency of the
magnetic field applied to the coil, with zero transport current in the superconducting coil,
measured in configuration B.

The measurements were performed for a peak velocity of the magnet array of 1 m/s,
resulting in a repetition rate of the full stroke of the motor of 0.68 Hz, and a frequency
of the applied magnetic field to the superconducting coil of 8.88 Hz.

A 2D FEM model with a geometry equal to that shown in Fig. 4.10(a) is implemented.
The superconducting coil is modeled as a stack of 28 tapes, and the critical current of
the tape is modeled by the modified Kim model, with the experimentally determined
parameters given in Table 3.3. The model is implemented as a homogenized and
iteratively coupled model (HIM), described in Chapter 2, to achieve a computation
time of approximately 600 s for 1 s of simulated time. The motion of the magnet
array is modeled in the simulations. Losses are calculated for different values of the
dc current applied to the superconducting coil and different values of the air gap.

The measured and modeled AC losses are shown in Fig 4.12. Both the measurements
and the models show that for dc currents lower than 20 A the AC losses are weakly
dependent on the dc current, while for dc currents higher than 20 A the AC losses are
more strongly dependent on the dc current.

The losses are sensitive to the height of the air gap. The air gap cannot be directly
measured in the measurement instrument because of the many layers of materials
between the magnets and the coil. The measured height of the air gap was validated
to be accurate within 0.4 mm by a measurement of the emf of the superconducting
coil at different heights.

For zero applied dc current, the measured losses are 60% lower than the modeled losses.
For applied coil currents higher than 20 A, the difference between the modeled and the
measured losses is less than 20%. At dc currents higher than 40 A the superconducting
coil quenched in the measurements.
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Fig. 4.12: Measured and modeled AC losses in superconducting coil as function of dc coil
current, measured in configuration B. The frequency of the applied magnetic field to the
superconducting coil is equal to 8.88 Hz.

There are multiple possible causes for the large discrepancy between the measured
and the modeled losses. Firstly, the parameters of the model might not match the
parameters of the measurement. The calculated losses are sensitive to parameter
variations of the geometry because of the highly nonlinear behavior of the supercon-
ducting materials. Small changes in the model parameters, such as the air gap and the
spacing between the superconducting tapes, result in large differences in the calculated
losses. Secondly, the existing model might not include all effects that are present in
the measurement. The 2D finite element model does not model any 3D effects of the
measurements. Furthermore, the model does not inlcude the increase in temperature
of the superconducting coil as a result of the AC losses, which might increase the AC
losses in the measurements for higher values of the AC losses. Additionally, the model
does not include the mechanical loading of the superconducting coil by the Lorentz
forces, which might reduce the critical current density and increase the AC losses in
the measurements at higher values of the applied currents.

In superconducting motors, the AC losses vary over several orders of magnitude for
different operating conditions, which is shown in Chapter 5. Therefore, the maximum
discrepancy of 60% between the measured and modeled losses is sufficient to allow
a comparison between different designs and operating conditions of superconducting
motors. Furthermore, varying applied coil currents results in a significant part of the
AC losses, as is shown in Chapter 5. These losses can be estimated with a higher
accuracy, as was shown in Chapter 3.
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Fig. 4.13: Quench detection system implemented for the calorimetric measurement instru-
ment.

4.4.3 Quench detection

A quench is a thermal runaway of the superconducting coils. Quenches can occur when
generated heat decreases the critical current of the superconductor, which leads to
additional heat generation and loss of superconductivity. Non-superconducting parts
of the coil carrying a high current can overheat and be damaged. Therefore, quenches
should be detected in an early stage and the current should be ramped down.

A quench detection scheme based on the measured and expected voltage of the coil
is presented. It shows the feasibility of a quench detection system for a linear motor
with HTS coils.

High costs are related to the interruption of the semiconductor lithography production
process. Therefore, quenches should be prevented by design in this application.
However, in testing and experiments on the superconducting coils, quenches are likely
to occur.

The implemented quench detection system detects whether the voltage over the
superconducting coil is equal to the predicted voltage for the coil when it is entirely
superconducting. The setpoint of the current through the superconducting coil is
decreased if a quench is detected. The system, illustrated in Fig. 4.13, is implemented
on a dSPACE control system. The commanded value of the superconducting coil
current, i, is dependent on the desired value of the current, i∗, and the scaling factor
of the quench handling system, αq. If no quench is detected, this factor is equal to 1.

The predicted voltage over the coil, Vest, is based on the emf and the inductive and
resistive voltage over the coil. Movement of the magnet array leads to an emf, which
depends on the position, xm, and velocity, vm, of the permanent magnet array. The
flux linkage of the magnet array to the superconducting coil, λm, is measured in
advance. Currents through the coil result in a voltage that is dependent on the
inductance, L, and the resistance, R, of the coil and current leads.

The difference between the measured and estimated voltage, ∆V , is determined. A
low-pass filter with a bandwidth of 1 kHz is applied to reduce high-frequent noise. The
absolute value of the difference is taken, and a low-pass filter with a cutoff frequency
of 50 Hz is applied. In this way, the low-frequent component of the difference between
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Fig. 4.14: Signals in the quench detection system during a detected quench in the super-
conducting coils caused by a dc transport current and movement of the permanent magnet
array.

the measured and estimated voltage is determined. Above a threshold (TH) of 0.25 V,
the quench handling (QH) ramps down the commanded value of the coil current by
decreasing the current scaling factor to a value lower than 1.

Measurement results of the quench detection system are shown in Fig. 4.14. For these
measurements, the mover was moved below the superconducting coil in the calorimetric
measurement instrument at a velocity of 1 m/s, and a slowly increasing dc current
was applied to the superconducting coils. The figure shows that starting at t = 2 s the
measured voltage increases with respect to to the modeled voltage. Once the filtered
difference between the measured and expected voltage reaches the threshold of 0.25 V
the current is scaled down. Hereafter, the current scaling factor is slowly increased.
At t = 2.9 the coil has not yet recovered from the quench, and a second quench is
detected. The results show that a quench can be detected in a superconducting linear
motor by observing the coil voltage.

In the configuration of the coil used for the electrical measurements, as shown in
Fig. 3.4, coil 1 quenched for AC losses higher than approximately 10 W. In the
configuration of the coil used for the calorimetric measurements, as shown in Fig.4.3,
quenches occurred for AC losses higher than approximately 2 W. The most likely cause
for the decreased thermal stability in the calorimetric instrument is the mounting of
the superconducting coils on the ceramic plates which increases the thermal resistance
of the coil to the LN2.
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4.5 Conclusions

In this chapter the AC losses in a superconducting coil resulting from moving per-
manent magnets have been investigated. A calorimetric measurement method for
the measurement of these losses has been presented. The measurement instrument is
designed taking into account the thermodynamic properties of nitrogen to maximize
the linearity and accuracy of the measurements.

The instrument has been calibrated with a 95% confidence bound of 0.19 W for the
measurement of losses resulting from applied coil currents, and of 0.57 W for the
measurement of losses resulting from moving permanent magnets. The resolution of
the calorimetric method is approximately 0.1 W, while the resolution of the electrical
method presented in Chapter 3 is approximately 5 mW. Furthermore, the measurements
require 600 s per measurement point, compared to approximately 12 s per measurement
point for the electrical method. However, the electrical measurement method can only
measure the AC losses resulting from applied coil currents.

The measured AC losses for non-sinusoidal coil currents have validated the electrical
measurement method in Chapter 3. The trends in the AC losses determined by the
two methods agree and the measured losses fall within one standard deviation for 75%
of the measured points.

The AC losses in the superconducting coil carrying no current, resulting from the
movement of a permanent magnet array, have been measured. A linear relation
between the frequency of the applied magnetic fields and the AC losses was observed.
This agrees with the linear relation between the AC losses and the frequency of the
applied magnetic fields for low frequencies, as expected from the results of Chapter 3.

The AC losses by the movement of the permanent magnet array as function of the
applied dc coil current has been measured. The losses depend weakly on the applied
dc currents for low values of the dc current, and depend strongly on the dc current
for high values of the applied dc current. The finite element models based on the
HIM model predict an equal trend of the AC losses as is found in the measurement.
A discrepancy between the measurements and the models less than 20% is achieved
for coil currents higher than 20 A. At low coil currents a 60% discrepancy between
the measurements and the 2D FEM models is found. Further research is required to
determine whether this discrepancy results from a mismatch in the parameter values
between the models and measurement, or from effects which are not included in the
models.

Finally, a proof-of-concept of a quench detection system for superconducting motors
was presented which can detect quenches in an early stage based on the measured coil
voltage.

The measurements in this chapter have further validated the loss modeling and
measurement methods presented in Chapter 2 and Chapter 3. In the next chapter, the
AC losses in superconducting linear motors for high-dynamic applications are analyzed
using the validated models.



Chapter 5

Analysis of AC losses in
high-dynamic superconducting
motors

This chapter presents two superconducting motor topologies suitable for high-dynamic
and high-precision positioning. The dependency of the AC losses of these topologies
on their geometric parameters, operating temperature and peak coil currents are
analyzed.

The contributions presented in this chapter have been published in:

B.J.H. de Bruyn, J.W. Jansen, and E.A. Lomonova, ‘Comparison of force density
of various superconducting linear motor types considering numerically evaluated AC
losses,’ IEEE Transactions on Applied Superconductivity, vol. 26, no. 3, Apr., 2016.

B.J.H. de Bruyn, J.W. Jansen, and E.A. Lomonova, ‘Modeling and comparison of
superconducting linear actuators for highly dynamic motion,’ Archives of Electrical
Engineering, vol. 64, no. 4, pp. 559-570, Dec., 2015.
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5.1 Introduction

This chapter presents the analysis of AC losses in superconducting linear synchronous
motors with HTS coils in high-dynamic applications. The AC losses are an essential
aspect in the design of a high-dynamic superconducting motor. These losses should be
removed by cryocoolers which have a low efficiency at low temperatures. For supercon-
ducting motors operating at constant velocity the AC losses in the superconducting
coils might be mitigated by the design of the motor. However, this cannot be done in
motors for high-dynamic motion profiles and therefore require a detailed examination.

In conventional (non-superconducting) motors, the losses limit their maximum effi-
ciency, minimum motor volume, and maximum produced force. In linear synchronous
motors with copper or aluminum coils the main losses are Joule losses, Pjoule. For a
given motor geometry the Joule losses can be calculated from the rms value of the
current density in the coils, Jrms, as

Pjoule =

∫
Vcoils

ρJ2
rms dV, (5.1)

where Vcoils is the total conductor volume and ρ is the resistivity of the coil material. In
three-phase synchronous motors the Joule losses are independent of the mover position.
Furthermore, in these motors the produced force scales approximately linearly with
the peak phase current [19]. Therefore, for a given motor geometry, the mean losses
scale quadratically with the rms value of the produced force, Frms, as

Pjoule ∝ F 2
rms. (5.2)

Because of this predictable behavior, the losses in a given geometry of a conventional
linear motor can be estimated from the rms force of the motion profile.

In high-dynamic superconducting motors, however, the main losses are AC losses in
the superconducting coils. These depend on transients of the currents and magnetic
fields, and therefore depend on the temporal behavior of the motion profile, rather
than only the rms value of the force. Furthermore, the AC losses do not scale linearly
with the conductor volume because of the interactions between the superconducting
tapes. Although the force in superconducting linear synchronous motors also scales
approximately linearly with the amplitude of the coil currents, the dependency of the
losses on the amplitude of the coil currents does not have a predefined exponent, as
was shown in Chapter 3 and Chapter 4. Instead, this dependency varies with the
material parameters of the superconducting tapes, the operating temperature, and the
motor geometry. Therefore, in superconducting motors the estimation of the losses is
not straightforward.

This chapter analyzes the dependencies of the AC losses in superconducting syn-
chronous linear motors on their geometrical parameters, operating temperature, and
operating current. The analysis focusses on high-dynamic motors for the actuation
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of the reticle stage in photolithographic machines. Therefore, motor topologies and
motion profiles suitable for this application are investigated. First, the motion profile
of the motors in the photolithographic application is analyzed. Then, two suitable
topologies of the superconducting motor are stated. The first is a motor with a stator of
superconducting coils carrying ac currents, and a mover containing permanent magnets,
as described in Section 1.3.1. The second is a motor with a stator of superconducting
coils carrying dc currents, and a mover consisting of copper coils carrying ac currents,
as described in Section 1.3.2. The motor topologies are modeled as a homogenized
iterative finite element model (HIM) as presented in Chapter 2 to calculate the AC
losses in the superconducting coils. The critical current parameters of state-of-the-art
superconducting tapes are included in the models. Finally, the dependency of the AC
losses on the motor parameters is analyzed.

The goal of this chapter is only to analyze the dependencies of the AC losses and the
produced forces. No effort is made in this chapter to find either optimum geometries
or optimum operating conditions. The design optimization of the full superconducting
motor is discussed in Chapter 6, which also considers additional heat load components.

5.2 High-dynamic motors for photolithographic systems

Photolithographic machines are part of the production chain for integrated electronic
circuits, as has been explained in Chapter 1. The maximum acceleration of the
motion systems in the photolithographic machines is one of the factors limiting their
throughput.

5.2.1 Dynamics of long-stroke motors

To achieve a high throughput of the photolithographic process, high-dynamic motors
which produce high forces are required. In the photolithographic machines, the reticle
stage motors perform a repetitive motion over a stroke of approximately 25 cm. The
motion profile of these motors depends on the photolithographic process, which is
illustrated in Fig. 5.1. In the photolithographic process integrated circuits are built up
from layered patterns. The patterns are created by exposing a silicon wafer covered in
a photosensitive coating to a pattern of light projected through a reticle. In wafer-
scanner operation the bundle of light is stationary, while, during the exposure, the
reticle and wafer move in opposite directions. During each exposure the pattern of
the reticle is projected on one die on the wafer, as illustrated in Fig. 5.1(a). During
the exposure the wafer moves at a constant velocity, vs, and the reticle moves in the
opposite direction as the wafer at constant velocity, vr. After the exposure of one
die, the wafer is repositioned and the next die is scanned in the opposite direction,
as shown in Fig. 5.1(b). The pattern of the reticle is decreased in size through a lens
system with a factor α. The lens magnification is equal to 4 for the current systems [6].



94 Analysis of AC losses in high-dynamic superconducting motors

Reticle

Beam

Lens

Die

vr

vs
Wafer

Path of beam

(a) (b)

system

x

y

zxy

z

Fig. 5.1: Schematic representation of wafer-scanning photolithography: (a) projection of
the pattern through the reticle, (b) exposure of multiple dies within one wafer.
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Fig. 5.2: Velocity of the reticle stage for a simplified second-order motion profile.

As a result, the velocity and acceleration of the reticle are approximately a factor four
higher than those of the wafer. Therefore, the motors of the reticle stage require the
highest dynamic performance.

5.2.2 Relation between reticle stage acceleration and throughput

The reticle performs a repetitive motion which consists of acceleration, settling,
scanning, and deceleration. A simplified second-order motion profile, containing the
basic trajectory of the reticle, is shown in Fig. 5.2. The exposure of the dies occurs at
the constant-velocity part of the motion profile. The total scan time per exposure, tt,
assuming the simplified motion profile, is given by

tt = 2
αvs
apk

+
ld
vs

(5.3)

where apk is the maximum acceleration of the reticle, vs is the scan velocity of the
wafer, α is the magnification of the lens, and ld is the distance over which the die
moves during the settling time and the exposure. The distance traveled by the wafer
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during the scan depends on the die size as well as the beam width. The current
maximum die size is equal to 32 mm [25]. The total scan time per exposure (5.3) is
minimized for a scan velocity of the wafer of

vs =

√
ldapk
2α

. (5.4)

To maximize the throughput of the photolithographic systems, the time per exposure
should be minimized. At the scan speed for which the scan time is minimized, the
number of exposures per second, Ne, is given by

Ne =
1

2

√
apk
2ldα

. (5.5)

From this analysis it can be concluded that the required peak acceleration of the
reticle scales quadratically with the throughput of the system.

5.2.3 Increase in throughput by superconducting motors

Currently, the long-stroke motor of the reticle stage achieves an acceleration of
approximately 100 m/s2. The existing conventional linear motors are pushed to their
limits in terms of thermal performance. The cooling power is delivered by water
cooling, and rms coil current densities of around 40 A/mm2 are achieved, which is
much higher than values around 5 A/mm2 for conventional rotating motors in case of
cooling by natural convection [121].

To enable the projected throughput of future photolithographic machines, it is aimed
to achieve an acceleration of 400 to 800 m/s2. Superconducting linear motors are
analyzed as candidate motor types for producing the required forces.

For the analysis of the superconducting motor design, the motion profile of the motor
is one of the inputs. For the peak acceleration equal to 800 m/s2, a fourth order
motion profile is defined, which is shown in Fig. 5.3. The maximum velocity is chosen
close to the velocity which maximizes the throughput. The period of the motion is
equal to 119 ms, the stroke is equal to 491 mm, the maximum velocity is equal to
10.72 m/s, and the maximum acceleration is equal to 800.2 m/s2, the maximum jerk
is equal to 105m/s3 and the maximum snap is equal to 5·107m/s4.

5.3 Superconducting linear motor topologies

Currently, flat linear motors with permanent magnets in the stator and copper coils
in the mover are applied for the actuation of the reticle. These motors are suitable
for the reticle stage, since the produced force is highly predictable. Their low cogging
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Fig. 5.3: Fourth order motion profile assumed for the AC loss analysis of the superconducting
motors.

forces and low stiffness in the directions perpendicular to the direction of motion
enable achieving a high position accuracy [26].

In the remainder of this thesis two superconducting motor topologies are analyzed. The
first topology is a double-sided moving-magnet motor (MMM), with superconducting
stator coils carrying AC currents, as described in Section 1.3.1. The second topology is
a double-sided moving-coil motor (MCM), with superconducting stator coils carrying
DC currents, and copper coils carrying AC currents in the mover, as described
in Section 1.3.2. Both types are synchronous motors. Double-sided motors are
investigated because they have two main advantages. Firstly, the ratio of force to
volume of the total motor can be higher. Secondly, force in the direction perpendicular
to the direction of motion can be balanced, reducing the positioning disturbance. The
motor types potentially achieve similar low cogging forces and linear relation between
the coil currents and the produced force as the currently applied motors.
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Both selected topologies have a non-salient structure. Motors with salient magnetic
structures, such as shown in Fig. 1.7, have reluctance and cogging force components
in the direction of propulsion as well as in perpendicular direction. However, a salient
structure possibly increases the magnetic flux density in the air gap. A preliminary
comparison of superconducting linear motors with and without a salient iron structure
has shown that the maximum ratio of force to volume is not significantly higher for
superconducting motors with a salient magnetic structure [21].

Both selected topologies have a back-iron for the superconducting coils. A back-iron,
such as shown in Fig. 1.5, is desirable in the photolithographic application. This will
reduce the magnetic stray fields of the motor, which can cause deformations in other
parts of the machines [24], which cause errors in the overlay and imaging. For the
analyzed superconducting motor types the back-irons are assumed to be placed outside
of the cryostat. For the moving-coil type of motors, the added reluctance and cogging
forces will be small.

Only stationary superconducting coils are considered. A moving cryostat will increase
the complexity of the cryostat design because in this case all seals and insulation layers
have to withstand the high accelerations.

5.3.1 Moving-magnet motor

The topology of the MMM is shown in Fig. 5.4. The motor consists of a double-
sided stator with superconducting coils, and a mover with permanent magnets. The
superconducting coils in the stator carry AC currents. The back-iron shields the
magnetic fields of the motor, and increases the produced force. The mover consists of
permanent magnets, with a central ferromagnetic core which provides the mechanical
stiffness of the mover.

A periodic section of the motor is shown in Fig. 5.4(b). The periodic section is the
smallest section for which the magnetic fields in the mover and stator repeat in the
x-direction. The parameters of the geometry are given in Table 5.1. In the figure, a
motor with a number of stacked superconducting coils, Nsc, equal to two is shown.
The spacing in the z-direction between the superconducting coils, is equal to dcz.

The inner diameter of the coils, din, is determined by the critical bending radius of
the superconducting tapes. The coil dimensions are determined by the bundle width,
wb, which depends on the number of turns and the spacing between the turns Ly.
The coil pitch results from the coil dimensions and the spacing of the coils in the
x-direction. Four magnets per three coils are chosen to obtain a high motor constant,
and the width of the permanent magnets is taken as 4/5τm to minimize the force
ripple resulting from the fifth spacial harmonic of the magnetic field of the coils [19].

The current, In, in phase n, in the model of the moving-magnet motor are given by

In = Ipk
a

apk
cos

(
πx

τm
+ n

2π

3
+ φ

)
(5.6)

where a the instantaneous acceleration, apk the maximum acceleration, Ipk the peak
value of the phase current, and φ is an offset.
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Fig. 5.4: Geometry and geometrical parameters of the moving-magnet motor (MMM):
(a) example of a full geometry of the moving-magnet geometry with three periodic sections in
the stator and two periodic sections in the mover, (b) periodic section of the moving-magnet
geometry and parameters for a geometry with two layers of superconducting coils.

5.3.2 Moving-coil motor

The geometry of the MCM is shown in Fig. 5.5. In the MCM, the superconducting coils
carry dc currents. The mover consists of copper coils, carrying alternating currents.
The MCM has 3 coil phases per 4 magnetic poles, which is equal to the ratio of the
MMM. The dimensions of the superconducting coils are dependent on the number of
turns, the spacing between tapes, and the inner diameter of the coils, and are given
in Table 5.1. A peak current density of 40 A/mm2 is assumed in the copper coils,
which can be achieved by water cooling [127]. To allow for the water cooling, the air
gap is set at 12 mm. The coil pitch of the copper coils, τc,c, is equal to 2/3τc. The
inner diameter of the copper coils, din,c, is chosen as 1/3τc,c. A large inner diameter
of the copper coils reduces the force density of the motor. A small inner diameter
increases the dissipation per unit of force, since the inner turns contribute little to the
total force. The dc current in the superconducting coils are equal to Ipk. For both the
MMM and the MCM geometries, the thickness of the cryostat wall, hcr, is assumed to
be 10 mm.

5.4 Modeling of superconducting linear motors

Finite element models for the AC losses in the superconducting motors are implemented
based on the homogenized and iteratively coupled model (HIM) described in Chapter 2.
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Table 5.1: Geometric parameters of the superconducting motor types.

Parameter MMM (mm) MCM (mm) Description

dcx 5 5 Spacing SC coils x-direction
dcz 1 1 Spacing SC coils z-direction
din 20 20 SC coil inner diameter
din,c - τc,c/3 Copper coil inner diameter
hbi 20 20 Height of the stator back-iron
hbi,m 5 - Height of the mover iron
hc 4 4 SC coil height
hc,c - 10 Copper coil height MCM
hcr 10 10 Thickness of cryostat wall
hg 11 12 Height air gap
hm 10 - Height of the PMs
Ly 0.2 0.2 Spacing between turns
N variable variable Number of turns
Nsc variable variable Stacked layers of SC coils
wb NLy NLy SC coil bundle width
wm 4/5 τm - Magnet width MMM
τc 2wb+din+dcx 2wb+2din SC coil pitch
τc,c - 2/3τc Copper coil pitch
τm 3/4 τc - Magnet pitch MMM

The 2D Finite element models contain a periodic section of the motors.

In a full motor, the losses in the superconducting stator will be different in the parts
of the stator that are not covered by the mover. In this chapter the AC losses are
determined by modeling a periodic section of the motor in which both the mover and
the stator are assumed periodic in the direction of the movement of the mover.

For the MMM, the model includes the movement of the permanent magnets and
commutated currents in the superconducting coils. For the MCM the model includes
the movement of the copper coils and the commutated currents in the copper coils.
The AC losses are calculated for the motion profile shown in Fig. 5.3. The acceleration,
defined by the motion profile, is imposed in the model.

The modeling method is illustrated for the MMM in Fig. 5.6. The HIM consists of a
static magnetic model solved by the vector potential formulation, and an iteratively
coupled quasi-static model for the calculation of the AC losses in one superconducting
coil bundle. The static magnetic model consists of a periodic section of half of the
double-sided the motor. A boundary condition of normal magnetic flux density is
applied on the top boundary to take into account the other side. The static magnetic
model is used to calculate the forces, and to calculate the magnetic flux density on
the boundary of the quasi-static model. In the static model, a homogeneous current
density is imposed on the superconducting tapes. The mover is modeled as a single
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Fig. 5.5: Geometry and geometrical parameters of the moving-coil motor: (a) example
of a full geometry of the moving-coil motor with four periodic sections of the stator and
two periodic sections of the mover, (b) Periodic section of the moving-coil geometry and
parameters for a geometry with two layers of superconducting coils.

region and the magnetization in this region is imposed as an analytic function of time.
Therefore no re-meshing is required in between time steps to include the motion of
the mover. For the moving-coil motor, the modeling approach is similar, and in the
regions of the coils, the current density in the y-direction is described by an analytical
function of time and x-position.

The quasi-static magnetic models model only the superconducting coil bundles. The
model is used to calculate the AC losses in the superconducting coils. To limit the
computation time the losses are calculated for only a single stack of coil bundles. In
Section 5.6.2 the variation in AC losses between the different coil bundles is shown.
In the finite element models in this Chapter and in Chapter 6, the critical current
density of the superconducting material is modeled by the modified Kim-model (2.6).

No iterations between the static and the quasi-static model are applied, since additional
iterations affect the calculated losses by less than 2%, as is shown in Chapter 2, while
the discrepancy between the full model and measurement results is in the order of
20%, as is shown in Chapter 3 and Chapter 4.

5.5 Superconducting tape parameters

The maximum performance of the motors depends on the superconducting tapes that
are available. Generally, higher forces and lower AC losses will be achieved for tapes
with a higher critical current.
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Fig. 5.6: Finite element modeling method for the moving-magnet motor geometry.

Table 5.2: Parameters of the modified Kim-model, extracted from measurement data of
Fujikura FYSC-S10 10-0025-01 superconducting tape [151]. The discrepancy is given as the
rms value of the difference between the model and the measurement points.

Temperature (K) Ic0 (A) k (1) B0 (T) α (1) Discrepancy (A)

77 253.2 0.408 0.172 0.790 16.5
60 576.4 0.376 0.227 0.629 22.6
40 1117.2 0.050 0.347 0.693 134
25 1668.8 0.022 0.651 0.843 304
10 2380.4 0.022 0.651 0.843 -

At the moment of writing, the highest critical currents, both at 77 K in self-field, and
at lower temperatures and higher applied field, are achieved by tapes produced by
Fujikura and by SuperPower [146]. A database of measurements of the critical current
of tapes of various suppliers, generally over a range of temperatures from 25 to 80 K,
applied magnetic fields from 0 T to 8 T, and angles of the applied magnetic field from
0 degrees to 240 degrees, is given in [151].

The motor designs in this thesis are based on the critical current parameters of a
Fujikura tape, type FYSC-S10 10-0025-01. This tape achieves the highest performance
in ampere per mm width of the tapes in the given data set. This tape achieves a
field-free critical current of 631 A/cm width at a temperature of 77.5 K. The parameter
values of the modified Kim-model (2.6) which fit best to the measurement data of this
tape are determined in a least square error optimization. The material parameters
are extracted from the data for temperatures of 25, 40, 60, and 77 K. The critical
current at a temperature at 10 K is determined by extrapolation of the parameters,
which is reasonable since the parameters of other YBCO tapes vary smoothly over
the temperature range between 4 K and 80 K [130]. The parameter values for the
temperatures used in the analysis are shown in Table 5.2. The critical current modeled
by the modified Kim-model, at 40 K, is shown together with the measurement data in
Fig. 2.4 in Chapter 2.

The total thickness of superconducting tapes without electrical insulation varies in the
range of 0.1 to 0.16 mm [11]. The width of the tape used in the design optimization
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Table 5.3: Parameter values of the benchmark geometries of the superconducting motor
types.

Parameter MMM (mm) MCM (mm) Description

din 20 20 SC coil inner diameter
din,c - 16 Copper coil inner diameter
Ly 0.2 0.2 Spacing between turns
N 80 80 Number of turns
Nsc 1 1 Stacked layers of SC coils
wb 16 16 SC coil bundle width
wm 34.2 - Magnet width MMM
τc 57 72 SC coil pitch
τc,c - 48 Copper coil pitch
τm 42.75 - Magnet pitch MMM

is 4 mm, and the thickness of one turn in the coil including electrical insulation, is
estimated at 0.2 mm, which was also achieved in the superconducting coils in the
experiments in Chapter 3 and Chapter 4.

5.6 Analysis of AC losses in superconducting linear
motors

In this section, the dependency of the AC losses on the parameter values of the two
linear motor topologies are analyzed. The motor geometries presented in Section 5.3
are modeled as described in Section 5.4, including the motion profile presented in
Fig. 5.3 and the superconducting tape parameters given in Table 5.2.

The parameters that are varied in the motors are the number of turns in the supercon-
ducting coils, the peak current in the superconducting coils, the operating temperature
of the superconducting coils, and the number of stacked superconducting coils. Other
geometric parameters change according to the pole pitch determined by the number
of turns in the superconducting coils, and the height of the stack of coils.

Unless specified otherwise, the benchmark case of the motor geometries is used in the
calculations in this section. The geometric parameters of the benchmark geometry
of the MMM and the MCM, are shown in Table 5.3. The modeled length in the
y-direction is set to 1 meter to simplify the units of the simulations results. The
parameters of the Kim model are varied according to the operating temperature at
which the AC losses are calculated.

The goal of the analysis of the AC losses is to find trends in the AC losses and to
determine how to apply the AC loss models in a motor design optimization procedure.
The benchmark cases of the MMM and the MCM are not compared directly, since
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optimum designs of the MMM and MCM have different geometries and operating
conditions.

5.6.1 Time-dependency

The time-dependency of the calculated AC losses is analyzed. The mean value of
the AC losses determines the cooling power required to remove the generated heat.
Since the AC losses depend on transients of the currents and applied fields, the AC
losses follow the periodicity of the motion profile of the motor. Furthermore, because
of the nonlinear behavior of the superconducting materials, the simulations show
initial transients in the calculated values. For sinusoidal currents applied to a single
superconducting strip the losses are stationary after the first period because of the
hysteretic behavior of the superconducting material. Therefore, for tapes the losses
of the second full period are generally used for the calculation of the AC losses in
superconductors [158]. A method is defined to extract the mean value of the losses for
a minimal simulated time of a high-dynamic superconducting motor.

The losses are calculated for the benchmark geometry of the MMM, with a peak value
of the coil currents of 0.5Ic0 at an operating temperature of 77 K. The AC losses are
calculated for a single stack of superconducting tapes in the motor, representing one
half of a coil, as shown in Fig. 5.6. The coil current, force, velocity, and AC losses are
shown as function of time in Fig. 5.7. Figure 5.7(a) shows the phase current of the coil
for which the AC losses are calculated, Fig. 5.7(b) shows the force produced in the
periodic section, Fig. 5.7(c) shows the velocity of the mover, and Fig. 5.7(d) shows
the calculated AC losses in the coil bundle. The AC losses result from the movement
of the permanent magnets, the transients in the applied coil currents, and the mutual
influence of these two effects. The losses in the moving-magnet motor geometry for the
second period of the motion profile are 1.1% higher than the losses in the first period
of the motion profile. Therefore, for the MMM, the average losses can be calculated
with sufficient accuracy from the AC losses in the first period of the motion profile.

For the MCM, the superconducting coil current, force, velocity, and losses in the
benchmark case are shown in Fig. 5.8. The dc current in the superconducting coils is
shown in Fig. 5.8(a). Figure 5.8(b) shows the calculated force, Fig. 5.8(c) shows the
velocity, and Fig. 5.8(d) shows the AC losses in the superconducting coil bundle. The
losses during the constant-velocity part of the motion are small in the MCM, since no
alternating fields are applied by the mover. The losses in the first period of the motion
profile are 70% higher than those in the second period, while the losses in the second
period are 1.1% lower than those in the third period. Therefore, for the MCM the
average losses are calculated from the losses in the second period of the motion profile.

The large transient in the first period is caused by the ramping of the superconducting
coil current in the first 5 ms, as shown in Fig. 5.8(a). The increase of the current
density starting from zero is necessary because the finite element formulation can only
include the current density by its transient.
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5.6.2 Dependency on the start position of the mover

The force produced by the motors is independent of the start position of the mover.
However, he AC losses are dependent on the start position of the mover. In the MMM
the shape and rms value of the coil currents is dependent on the start position of
the mover. Furthermore, the magnetic field applied to the superconducting coils is
dependent on the start position of the permanent magnets. In the MCM, the magnetic
field applied to the superconducting coils by the copper coils in the mover is dependent
on the start position of the mover.

The mean AC losses and the rms value of the coil current in phase C in the MMM are
calculated for different start positions of the mover. The results for the benchmark
geometry at 77 K, and the same geometry at 10 K, are shown in Fig. 5.9. For both
operating temperatures, the peak coil current was set equal to 0.5Ic0, which is equal
to 126.6 A at 77 K and 1190.2 A at 10 K. Figure 5.9(a) shows the average AC losses
as function of the start position. Figure 5.9(b) shows the rms value of the currents.
The maximum of the calculated AC losses does not coincide with the maximum in the
rms value of the phase currents, since the AC losses depend on the peak value and
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the number of periods in the coil currents. Therefore, the start position for which the
maximum AC losses occurs cannot be easily determined beforehand.

At 10 K, the coil currents in the MMM dominantly determine the losses, and therefore
the start position and the current waveforms influence the AC losses. At 77 K, the AC
losses depend more on the movement of the permanent magnets, which vary less with
the start position of the mover. The largest difference in losses is 23% at an operating
temperature of 10 K. Therefore also the variation in AC losses between the different
coil bundles, for the analyzed case, is at most 23%.

Shifting the start position of the mover by one coil pitch is equivalent to calculating
the AC losses in the coil of a different phase. Therefore, from Fig. 5.9(a) the variation
in losses between the different coil bundles can also be observed. For the MCM, the
start position will also influence the average losses, since it determines the position of
the mover at which the coil currents are maximum.

In the design of a superconducting motor, the influence of the start position of the
mover on the average losses can be taken into account by calculating the losses for
several start positions. However, this will increase the computation time of the models,
and is equivalent to calculating the losses in more than one coil half. The losses per
periodic section from this point on in this thesis are determined by multiplying the
losses in the single coil bundle by the number of coil bundles in the section.

5.6.3 Dependency on the temperature

For both the MMM and the MCM the dependency of the AC losses on the operating
temperature is analyzed. The critical current of the superconducting tapes increases
with decreasing operating temperature. Furthermore, the dependency on the applied
magnetic field and the anisotropy of the materials varies with the operating temperature.
Therefore, both the magnitude of the AC losses as well as its dependency on the peak
coil current varies with operating temperature. The force produced by the motor only
depends on the value of the current and is independent of the temperature.

The AC losses for the benchmark geometry of the MMM at different operating
temperatures are shown in Fig. 5.10. In these simulations the peak value of the phase
currents is varied in steps of 5% of the field-free critical current of the tapes. For equal
peak currents in the coils the losses decrease with decreasing operating temperature,
as a result of the increased critical current.

The AC losses for the benchmark geometry of the MCM, at different operating
temperatures, are shown in Fig. 5.11. The figure shows that below 25 K, for low
applied dc currents, the AC losses are lower than 1 W. The movement of the permanent
magnets results in AC losses in the MMM even at low applied coil currents. Therefore,
the losses are higher than 10 W for all analyzed temperatures and values of peak
current.

Both figures show that the AC loss model also includes the critical current of the coils,
since above the critical current of the coils the AC losses increase sharply. This can be
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of peak coil current.
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AC losses in moving-magnet motors and moving-coil motors on the AC losses per coil.

seen around a peak current of 120 A at 77 K and around a peak current of 300 A at
60 K. At lower temperatures, higher operating currents of the superconducting coils
are possible because the coils have a higher critical current.

5.6.4 Dependency on the number of turns

By varying the number of turns in the motors, the coil and magnet pitches change
with respect to the benchmark geometry. This changes the amplitudes and frequencies
of applied currents and magnetic fields, which influence the AC losses. Figure 5.12
shows the effect of increasing the number of turns on the AC losses per coil. Firstly,
the magnetic flux density produced by the superconducting coils at equal coil current
increases. This decreases the critical current of the coils and increases the AC losses.
Secondly, the pole pitch of the stator increases, which decreases the number of periods
of the applied coil currents and magnetic fields. This effect decreases the AC losses.
Thirdly, the pole pitch of the mover increases, which decreases the frequency of the
applied magnetic fields, and either increases or decreases the amplitude of the applied
magnetic fields. Therefore, the dependency of the AC losses on the number of turns
in superconducting motors has a complex behavior.

The AC losses per turn, for the MMM operating at 77 K are shown in Fig. 5.13. The
figure shows that for the MMM, for values of the applied coil current up to 75 A,
there is a negative relation between the number of turns and the AC losses. For higher
applied coil currents, the losses in the coils with a higher number of turns are higher
because they have a lower critical current.

The AC losses per turn for the MCM at 77 K are shown in Fig. 5.14. For this type of
motor, the critical current of the coils decreases also with increasing number of turns.
Unlike for the MMM, in the MCM the AC losses per turn generally increase with a
higher number of turns.
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Fig. 5.15: Calculated AC losses in a periodic section, per layer of superconducting coils,
for the benchmark geometry of the MMM at 77 K, for a different number of layers of
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Fig. 5.16: Calculated AC losses in a periodic section, per layer of superconducting coils,
for the benchmark geometry of the MCM at 77 K, for a different number of layers of
superconducting coils.

5.6.5 Dependency on the number of stacked superconducting coils

Stacking multiple superconducting coils increases the produced force of the motor at
equal coil currents. The geometries of the MMM and MCM are shown for a number
of two superconducting coil layers in Fig. 5.5 and Fig. 5.4. The AC losses per layer,
for the benchmark geometry of the MMM at 77 K with one, two, and four layers
of superconducting coils is shown in Fig. 5.15. The figure shows that the AC loss
per layer of superconducting coils is almost constant with an increasing number of
layers for low applied peak currents. However, the coils have a lower critical current in
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motors with a higher number of layers of superconducting coils, because they produce
a higher magnetic flux density for the same coil current.

The AC losses for the benchmark MCM with one, two, and four layers of supercon-
ducting coils is shown in Fig. 5.16. For the analyzed geometries of the MCM, the
absolute value of the AC losses is approximately two orders of magnitude lower than
for the analyzed geometries of the MMM in Fig. 5.15. For the MCM, the losses per
layer are also almost constant for different numbers of layers.

Increasing the number of layers of superconducting coils in the superconducting motors
could increase the force per square meter of active air gap. However, it also increases
the volume of the motor, increases the AC losses per coil, and decreases the critical
current of the coils. Having an even number of coils in the motors would be beneficial
such that a double-pancake winding can be applied with both leads on the outside of
the coil.

5.6.6 Dependency on the air gap

The air gap is defined as the distance between the active elements of the mover and
the stator. The air gaps, hg, of the MMM and MCM are shown in Fig. 5.4 and Fig. 5.5
respectively. In conventional coreless linear motors the Joule losses are independent
of the height of the air gap. For both conventional and superconducting coreless
synchronous motors, the produced force, F , depends on the air gap, as

F = F0e
−hg πτ (5.7)

where F0 is the force for an air gap equal to zero and τ is the magnetic pole pitch.
In the analyzed superconducting motors, however, the AC losses do depend on the
height of the air gap. For the MMM, the magnetic pole pitch is equal to the magnet
pitch and for the MCM the magnetic pole pitch is equal to half of the pitch of the
superconducting coils.

The peak force and AC losses as function of the air gap for both motor topologies, for
their benchmark geometries and a peak coil current of 0.5Ic0 at 77 K, are shown in
Fig. 5.17. Figure 5.17(a) shows the force as function of the air gap, which corresponds
to the exponential decrease given by (5.7), Figure 5.17(b) shows that for both the
MMM and the MCM the AC losses decrease by approximately one order of magnitude
by increasing the air gap from 1 mm to 22 mm. For the benchmark geometries, and
the benchmark operating current of 0.5Ic, the MMM produces a higher force.

The ratio of force to losses as function of the height of the air gap is shown in Fig. 5.18.
The peak of the ratio of force to losses approximately coincides with the height of the
air gap that is assumed for the motors, which is 11 mm for the MMM and 12 mm for
the MCM.



Analysis of AC losses in superconducting linear motors 113

 

 

 

 

Analytic

MCM

MMM

MCM

MMM

(a)

(b)

P
ea
k
fo
rc
e
p
er
io
d
ic

se
ct
io
n
(N

)

Air gap hg (m)

L
o
ss
es

(W
)

Air gap hg (m)

0 0.005 0.01 0.015 0.02 0.025

0 0.005 0.01 0.015 0.02 0.025

0

2000

4000

6000

100

102

104

Fig. 5.17: Calculated losses and force as function of the air gap for the MMM and MCM:
(a) peak force in the periodic section as function of air gap, compared to (5.7), (b) losses in
the periodic section as function of air gap.

 

 

MCM

MMM

F
o
rc
e/
lo
ss
es

(N
/
W

)

Air gap hg (m)

0 0.005 0.01 0.015 0.02 0.025
0

20

40

60

Fig. 5.18: Ratio of the calculated AC losses to produced forces as function of air gap for
the benchmark MMM and MCM motors.



114 Analysis of AC losses in high-dynamic superconducting motors

5.6.7 Force density as function of coil pitch and number of turns

The maximum force density of the superconducting motors depends on two effects:
the peak value of the coil current that can be applied and the force that is generated
per ampere of coil current per volume of the motor. In superconducting motors, the
pole pitch and number of turns affect both. The force that is produced per ampere of
coil current per volume of the motor is analyzed as function of the number of turns in
the superconducting coils and the coil pitch.

The geometries of both the MMM and MCM are shown in Fig. 5.4 and Fig. 5.5. The
coil pitch of the MMM depends on the inner diameter of the coils din, the number of
turns N , the spacing between superconducting tapes Ly, and the spacing between the
coils in the x-direction dcx, as

τc = din + 2NLy + dcx. (5.8)

The pole pitch of the permanent magnets in the MMM, τm, is dependent on the coil
pitch as

τm =
3τc
4
. (5.9)

The force of the MMM is calculated for the different numbers of turns, and the
geometry is adapted such that the spacing between the superconducting coils in the
x-direction is varying from 5 mm to 100 mm. The peak coil current is set equal to
0.5Ic0 at 77 K, and one layer of superconducting coils is included. The force per
periodic section divided by the width of the section is shown in Figure 5.19. The
figure shows that the highest force per meter width is obtained for a high number of
turns. The force per meter width produced by the motor with 400 turns per coil is
a factor of 21 larger than that of a motor with 20 turns per coil at the minimal coil
pitch, obtained by the spacing in the x-direction between the superconducting coils of
5 mm. The coil pitch at which the maximum in the force per meter width occurs is
equal to 60 mm. Coil with more than 160 turns will have a wider pitch. For coils with
160 turns or more, the minimal spacing between the coil of 5 mm gives the highest
achievable force density.

For the MCM, the coil pitch of the superconducting coils is given by

τc = 2din + 2NLy, (5.10)

and the coil pith of the copper coils τc,c, is given by

τc,c =
2τc
3
. (5.11)

The force of the MCM is calculated for the different numbers of turns, and the geometry
is adapted such that the spacing between the superconducting coils in the x-direction
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Fig. 5.19: Force per meter width of the MMM as function of the coil pitch for varying
spacing between the superconducting coils in the x-direction at equal coil currents.
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Fig. 5.20: Force per meter width of the MCM as function of coil pitch for varying inner
diameter of the superconducting coils at equal coil currents.
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is varied from 20 mm to 150 mm. The force per periodic section divided by the width
of the section is shown in Figure 5.20. The figures shows that also for the MCM the
force per meter width depends strongly on the number of turns per coil. For the
MCM, unlike for the MMM, the force per meter width does not strongly depend on
the coil pitch. For a larger coil pitch of the superconducting coils, the coil pitch of
the copper coils increases, which increases the number of ampere-turns in the copper
coils. Therefore, the force per meter width is approximately constant with varying
inner diameter of the superconducting coils.

5.6.8 Dependency on the motion profile

The AC losses scale approximately linearly with the frequency of applied coil currents,
as has been shown in Section 3.7.2. For a given end-to-end motion of the motors, with
an equal produced force, the AC losses per repetition will therefore be independent of
repetition rate at which this motion profile is performed, provided the highest frequency
components of the applied currents or magnetic fields are below approximately 200 Hz.
This has been validated by the measurements in Chapter 4. For superconducting
motors, the ratio of force to mean losses therefore depends on the motion profile. For
motion profiles with a lower repetition rate, a higher force could be obtained with
equal losses.

5.7 Conclusions

This chapter presented a modeling method for high-dynamic superconducting motors.
The dependencies of the AC losses on the parameters of two motor geometries suitable
for high-dynamic motion have been shown.

To enable a linear increase in throughput in the photolithographic application, the ac-
celeration of the motors should increase approximately quadratically. The requirements
for high-dynamic superconducting linear motors in this application have been analyzed.
Two suitable motor topologies have been defined. These are moving-magnet motors
(MMM) with superconducting stator coils carrying ac currents and moving-copper-coil
motors (MCM) with superconducting stator coils carrying dc currents.

Finite element models of the motor geometries have been implemented. These models
include the temperature and magnetic-field dependency of the critical current of the
superconducting tapes, and take into account the high-dynamic motion profile of the
motors. For the MMM, it has been found that the AC losses can be determined from
the average losses calculated in the first period of the periodic motion. For the MMC,
the AC losses can be determined from the second period of the motion profile. The
influence on the start position of the mover on the losses has been analyzed, and a
23% variation has been found in the calculated losses between different start positions
of the MMM.
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The AC losses vary over several orders of magnitude as function of the peak value of
the coil current and the operating temperature. It has been shown that towards lower
temperatures the AC losses in both moving-magnet and moving-coil types of motors
decrease for a fixed peak coil current. The losses in both the MMM and the MCM
vary with the number of turns in the coils because the number of turns determines the
pole pitch, and as a result, determines the number of periods in the applied current or
magnetic fields. Furthermore, for a higher number of turns, and for a higher number
of layers of superconducting coils, the critical current of the coils decreases.

This chapter has shown the dependencies of the AC losses and forces on the parameters
of the superconducting motors. However, the complex nonlinear behavior of the AC
losses provides no direct insight in which geometric parameter values, operating
temperatures, and peak coil currents are an optimal choice. Furthermore, the optimum
motor design does not only depend on the AC losses, but also on additional heat
loads on the cryogenic system, and the efficiency of cryocoolers which vary with their
cold-side temperature. Therefore, in Chapter 6 an optimization procedure of the
superconducting motors is presented, which takes into account the AC losses as well
as the cooling and insulation systems.





Chapter 6

Design optimization of
high-dynamic superconducting
motors

This chapter presents a design optimization method which is applied to two supercon-
ducting linear motor topologies. The optimization procedure is based on models for
the heat load on the cooling and insulation system and finite element models of the
superconducting motors as presented in Chapter 2 and Chapter 5.

The contributions presented in this chapter have been published in:

B.J.H. de Bruyn, J.W. Jansen, and E.A. Lomonova, ‘Comparison of force density
of various superconducting linear motor types considering numerically evaluated AC
losses,’ IEEE Transactions on Applied Superconductivity, vol. 26, no. 3, Apr., 2016.
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6.1 Introduction

Motors with a high ratio of force to volume and a low cooling power are desired for
most applications. The highest force density in superconducting motors is achieved at
high peak coil currents and at low operating temperatures, as was shown in Chapter 5.
However, high peak coil currents result in high AC losses. Furthermore, at low
operating temperatures cryocoolers have a low cooling efficiency. Therefore, selecting
the operating condition with the highest force density will lead to extremely high
required input power of the cryocooler.

An analysis of the cryostat and cooling system is required for the design optimization
of superconducting motors. Apart from the AC losses, there are additional heat load
components on the cooling system which depend on the geometry of the motor as well
as the operating temperature. Examples of these components are the heat load of
current leads, the force guides, and the heat transferred through the cryostat wall.

In this chapter, a design optimization method is presented which takes into account the
AC losses in the superconducting coils as well as the additional heat loss components.
The moving-magnet motor (MMM) topology and the moving-coil motor (MCM)
topology are compared by optimizing them for equal optimization constraints. First,
analytic models for the heat load components on the cryogenic system are given.
Next, a design optimization method for the superconducting motor is presented. The
optimization method is based on the AC losses in the superconducting coils calculated
by finite element models and the models for the heat load on the cryogenic system.
The optimum designs of the MMM and MCM are compared, and a detailed analysis
of the final designs is given. Finally, conclusions are drawn on the optimum choice of
the motor geometries and operating temperature and currents.

6.2 Cryogenic system

Superconducting coils are kept at their operating temperature by a cryogenic system.
The cryogenic system consists of a cryostat for thermal insulation and a method
to remove heat from the system. To maintain the operating temperature of the
superconducting coils, heat should be removed from the cryostat at the same rate it is
generated and leaks into the cryostat.

6.2.1 Efficiency of cryocoolers

Cooling power can be supplied by an open-cycle system, a closed-cycle system, or
a cryogen-free system. In open-cycle systems a liquid coolant is supplied externally
and is not recondensed after evaporating. Open-cycle systems allow the use of off-site
cryocoolers to provide the cooling power. In closed-cycle systems the coolant does not
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Fig. 6.1: Modeled efficiency of cryocoolers with an input power below 10 kW compared to
commercially available coolers and the Carnot limit of efficiency.

leave the system. In these systems, generally the phase transition of a cryogenic liquid
to a gas provides the cooling power, and the gas is recondensed by a cryocooler. Finally,
cryogen-free systems depend on thermal conduction to remove heat from the cryostat.
All mentioned cooling methods have been applied to superconducting motors, such as
direct cooling with cold liquids [46] or cold gas [48, 131], or cryogen-free cooling [86].

The efficiency of coolers is fundamentally limited by the Carnot efficiency, ηCarnot.
For extracting heat from a system at a low temperature, TL, to a system at high
temperature, TH , where TL < TH , the maximum efficiency is given by

ηCarnot =
TL

TH − TL
. (6.1)

The performance of cryocoolers is well below the theoretical limit. The ratio of the
efficiency of a cryocooler to the Carnot efficiency is indicated by the figure of merit
(FoM). The FoM for cryocoolers with an input power below 10 kW ranges from 2%
for a cold-side temperature of 4 K to 15% for a cold-side temperature of 77 K [123].
The FoM increases with the scale of the cryocoolers.

In the remainder of this chapter, the efficiency of cryocoolers, ηCooler, is modeled based
on the FoM and a hot-side temperature of 293 K. The modeled efficiency is shown
in Fig. 6.1 together with the efficiency of several commercially available cryocoolers
from two different suppliers [34, 63]. Since the cooling efficiency is higher at higher
temperatures, the total power required to cool a cryogenic system can be reduced by
removing the heat leaking into the system at intermediate temperatures.
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Fig. 6.2: Overview of the concept of the cryogenic system for a superconducting double-sided
motor.

6.2.2 Cryogenic system overview

A cryogenic system with two cooling stages is analyzed for the high-dynamic super-
conducting linear motors. The first cooling stage removes heat at an intermediate
temperature of 77 K, and the second stage removes heat at a lower temperature at
which the superconducting coils are operating. An overview of the cryogenic system
shown in Fig. 6.2. The shown principles of the cryostat are applied in many super-
conducting applications, such as the superconducting Maglev [105] superconducting
high-field magnets [28] and particle accelerators [117].

The cryogenic system consists of a cryostat to thermally insulate the superconducting
coils, and of mechanical, electrical, and thermal connections through the cryostat to
the superconducting coils. Having both the mover and the stator inside the cryostat
is infeasible, since this would require a linear cryogenic seal to separate the cryogenic
motor from the room-temperature payload. As a consequence, the cryostat does not
enclose the mover. A cryostat with a maximum thickness in the order of 10 mm is
required, since the force that is produced by the motors decreases with an increase of
the distance between the stator and mover, as is shown in Section 5.6.6.

To minimize the heat leaking into the cryostat heat transfer by conduction, convection,
and radiation are minimized. The outer cryostat wall temperature, TH , is assumed
to be 293 K. The conductive heat transfer to the superconducting coils is minimized
by a vacuum environment around the coils. Multi-layer insulation (MLI) reduces the
radiative heat transfer between the room-temperature outer cryostat wall and the first
cooling stage. Heat radiated through the MLI is intercepted by the radiation shield,
which is actively cooled at the intermediate temperature, TI , of the first cooling stage.
Copper current leads conduct the coil currents from the power source up to the first
cooling stage. The conductive heat transfer and heat generated in the copper current
leads is removed there. High-temperature superconducting current leads are assumed
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Fig. 6.3: Overview of the heat load components on the cooling stages in the cryostat.

between the first and the second cooling stage. Finally, force guides provide mechanical
stiffness between the superconducting coils and the environment. Part of the heat
conducted along the force guides is removed at the first cooling stage. The second
cooling stage removes heat from the superconducting coils. The implementation of this
stage can either be in a vacuum environment for cryogen-free cooling, or non-vacuum
for liquid or gas cooling. The second cooling stage will have a temperature between
4 K and 60 K, depending on the optimal temperature for the full system.

An overview of the heat loads on each cooling stage, based on [29], is given in Fig. 6.3.
At steady state thermal conditions, the rate at which heat enters the cryostat is equal
to the rate it is extracted. The heat required to keep the outside of the cryostat at
room temperature is given by Q̇rt. The heat load on the first cooling stage is given by

Q̇I =Q̇mli + Q̇cl + Q̇fg + PAC,shield (6.2)

− Q̇rad − Q̇cl,HTS − Q̇fg,lt,

where Q̇mli is the rate of heat conducted and radiated through the MLI, Q̇cl is the
heat load of the copper current leads, Q̇fg is the rate of heat transfer through the
force guides, and PAC,shield is the rate at which heat is generated in the shield itself.
The other components in the equation are heat flows from the first cooling stage to
the second cooling stage.

The total heat load on the second cooling stage is given by

Q̇II = Q̇rad + Q̇cl,HTS + Q̇fg,lt + Psplice + PAC,cond + PAC , (6.3)

where Q̇rad is the rate of radiative heat transfer from the first to the second cooling
stage, Q̇cl,HTS is the rate of heat transfer through the HTS current leads, Q̇fg,lt is
the rate of heat transfer through the force guides from the first to the second cooling
stage, Psplice the rate at which heat is generated in splices in the superconducting
tape, PAC,cond is the rate at which other AC losses generate heat within the second
cooling stage, and finally PAC is the rate at which heat is generated by AC losses in
the superconducting coils.

The values of the heat load components depend on the parameters of the supercon-
ducting motor, such as the operating temperature, the volume of the cryostat, the coil
current, and the peak force. In the next section, models for the heat load components
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Fig. 6.4: Components of the thin-wall cryostat.

on the cooling stages are defined, such that they can be included in the optimization
of the linear motor design. An exception is the heat load by the AC losses, which is
determined by finite element models.

6.2.3 Cryostat wall

A high vacuum minimizes the heat load by conducting and convection of the gas inside
the cryostat [31, 44]. In this case, heat is dominantly transferred by radiation.

The radiative heat transfer rate, Q̇12 [W/m2], between two infinite parallel surfaces at
temperatures T1 and T2 is given by

Q̇12 =
σb
(
T 4
1 − T 4

2

)
1
ε1

+ 1
ε2
− 1

. (6.4)

where σb is the Stefan-Boltzmann constant (5.6703× 10−8 Wm−2K−4) and ε is the
emissivity of the materials. For polished metals, the emissivity is in the range of 0.01 to
0.05. The radiative heat transfer from a room-temperature surface to a surface at 77 K
differs marginally with the heat transfer of a room-temperature surface to a surface at
4 K. The heat transfer by radiation of a polished surface at room-temperature to a
surface at cryogenic temperature is generally in the order of 10 W/m2 [44]. In the
cryostat concept, the transferred heat is reduced by applying two cooling stages and
by applying MLI between the outer cryostat wall and the first cooling stage. The
components of the cryostat wall concept are shown in Fig. 6.4.

Radiative heat transfer to the first cooling stage
Multi-layer insulation reduces the heat load by radiation from the outer cryostat
wall on the first cooling stage, and is applied, for example, in the superconducting
Maglev [140]. A total heat load of 90 mW/m2 was achieved between a surface at
room-temperature and a surface at 77 K with an insulation layer thickness of 5 mm
in [44]. The total heat load consisted of radiative heat transfer through the multi-
layer insulation, conductive heat transfer through the insulation, and conductive and
convective heat transfer through the residual gas in the vacuum environment.

The radiative heat transfer from the outer cryostat wall to the first cooling stage is
modeled as

Q̇mli = 0.09Acr [W], (6.5)

where Acr is the surface area of the cryostat walls.
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Radiative heat transfer to the second cooling stage

The actively cooled heat shield at 77 K removes the heat radiated from the outer
cryostat wall at the first cooling stage, which has a high efficiency of cooling. For
polished metals, (6.4) gives a radiative heat transfer in the order of 40 mW/m2 from
a surface at 77 K to a surface of 4 K to 60 K.

The radiative heat transfer from the first cooling stage to the second cooling stage is
modeled as

Q̇rad = 0.04Acr [W], (6.6)

where Acr is the surface area of the cryostat walls.

6.2.4 Force guides

Force guides transfer the force on the superconducting coils to the room-temperature
environment. The total force on the superconducting stator varies according to the
motion profile. A detailed mechanical design is required to find a suitable method
of suspension of the superconducting coils in the cryostat, which is not the goal of
this thesis. Mechanical force guides will introduce a conductive heat transfer between
the outer cryostat wall and the first cooling stage, and between the first and second
cooling stages, as illustrated in Fig. 6.5.

Assuming that the force is transferred in the longitudinal direction of a cylindrical
force guide under tension, the minimal cross sectional area of a force guide, Aguide, is
given by

Aguide =
Fguide
σy

(6.7)

where σy is the yield stress of the material and Fguide is the peak force on the force

guide. The heat conducted through a single force guide, Q̇guide, is calculated as

Q̇guide =
kAguide∆T

lguide
=
kFguide∆T

σylguide
, (6.8)

where k is the thermal conductivity, ∆T the temperature difference between the hot
and the cold end, and lguide the length of the force guide.
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Table 6.1: Ratio of thermal conductivity to yield stress k/σy [W·Pa−1m−1K−1 ×10−8] for
selected materials at different temperatures.

Temperature
Material 4 K 80 K 300 K

304 stainless steel 0.042 1.8 3.7
G10 glass fiber epoxy 0.008 0.057 0.19
Copper 345 566 523

A support structure with a high ratio of maximum transferred force to thermal
conductivity minimizes the conductive heat transfer along the mechanical supports.
Glass fiber reinforced epoxy materials have a high ratio of yield strength to thermal
conductivity, and are often applied in torque transfer tubes for rotating electrical
machines [166]. The ratio of thermal conductivity to yield stress of two materials
which can be considered for the force guides, at different temperatures, is given in
Table 6.1 [150]. The values for copper are given for comparison. To model the heat
transfer through the force guides, the ratio of thermal conductivity to yield stress at
the hot side of the force guides is assumed for their complete length.

For the force guide from the outer cryostat wall to the first cooling stage, a length of
1 cm is assumed, using stainless steel for vacuum compatibility. The peak force of the
total motor Fpk, taking into account a safety factor of 5 for the yield stress, can be
supported by force guides with a total heat transfer rate of

Q̇fg = Fpk∆T · 1.85× 10−5. (6.9)

Here ∆T is the temperature difference between the outer cryostat wall and the first
cooling stage.

For the force guide from the intercept to the low-temperature environment, a length
of 1 cm is assumed, using G10 glass fiber epoxy. Assuming an equal safety factor of 5,
the heat conducted through the force guides from the intercept temperature to the
low temperature is given by

Q̇fg,lt = Fpk∆T · 2.85× 10−7. (6.10)

Here ∆T is the temperature difference between the first and the second cooling stage.

6.2.5 Current leads

Current leads form an electrically conducting connection between the superconducting
coils and their room-temperature power cables. The heat load of current leads consists
of heat conducted from the hot to the cold end, and heat generated in the current
lead itself. Different configurations of current leads exist which minimize the heat
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Fig. 6.6: Thermal model of a binary current lead consisting of a copper lead from the
room-temperature side to the first cooling stage, and a superconducting current lead from
the first to the second cooling stage.

load and total load on the cryostat [61]. Above the critical temperature of HTS
materials, all configurations use normal-conducting materials, mostly copper. Below
this temperature, superconducting current leads can be applied. For these current
leads, the heat load consists mainly of heat conducted from the hot to the cold side. A
current lead consisting of a copper and superconducting part is referred to as a binary
current lead.

The heat load of the normal conducting current leads depends on the cooling method.
In the worst case, all required cooling power is delivered at the low-temperature side
by conduction. The heat load of the current leads is decreased by removing heat at
intermediate temperatures. This can be achieved, for example, by guiding cold gas
along the current leads from their cold to their hot end [27].

For the conceptual cryogenic system design of the linear motor a binary current lead is
assumed with a heat exchanger at the intermediate temperature, as shown in Fig. 6.6.
Conduction cooling from the cold side is assumed for both parts of the current lead.

Resistive current leads

The dimensioning of the resistive current lead minimizes the sum of the Joule losses,
which increase with length and decrease with diameter, and thermally conducted heat,
which decrease with length and increase with diameter. For a full optimization of the
design of the current lead, the cross-section of the current lead at each position should
be optimized to balance the heat transferred by conduction, and the generated Joule
losses. These depend on the local electrical conductivity and thermal conductivity,
which are both temperature dependent.

Analytic equations exist for the heat load and optimal design of a conduction-cooled
resistive current lead. In the optimized design, the total heat load by thermal
conductance and Joule losses in the lead are minimized by the ratio of length to
cross-sectional area of the current lead. Most metals follow the Wiedemann-Franz law

ρk = L0T, (6.11)

where L0 is the Lorenz number 2.45× 10−8 [WΩK−2]. In this case, the heat load by
thermal conduction and Joule losses, Q̇1cl, of a single optimized conduction cooled
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resistive current lead is approximated by [30]

Q̇1cl = Irms

√
L0(T 2

H − T 2
I ), (6.12)

where Irms is the rms value of the coil current. This holds if the largest time constant
in the variation of the current is much larger than the thermal time constant of the
current lead.

For a hot-side temperature euqal to 293 K, and a cold-side temperature of equal to
77 K, the heat load on the first cooling stage by all current leads Q̇cl is given by

Q̇cl = IrmsNcl · 0.044[W], (6.13)

where Ncl is the total number of copper current leads, which depends on the motor
design.

For current leads in which the evaporated coolant at the low-temperature side is
used to cool the current lead, values down to 1 mW/Arms for the heat load at the
low-temperature side have been realized [27].

HTS current leads
The heat load of superconducting current leads consists mainly of the thermal con-
ductivity of the non-superconducting layers in the superconducting tape and the
mechanical support structure of the current lead. The heat load of superconducting
current leads scales approximately linearly with the peak current since the critical
current of the lead scales approximately linearly with the amount of parallel supercon-
ducting tapes. The total heat load by all superconducting current leads, Q̇cl,HTS , is
given by

Q̇cl,HTS = kcl,HTSNclIpk(TI − TL). (6.14)

Here kcl,HTS is a constant which depends on the critical current of the superconducting
material, the thermal conductivity of the current lead, the hot-side temperature, and
the thermal design of the superconducting current lead. Heat loads for practical
current leads, with hot-side temperatures of 60 K to 77 K and cold-side temperatures
of 4.2 K to 4.5 K, are in the range of 20 mW to 25 mW per 100 A of peak coil
current [14, 37, 135]. Therefore, in the optimization of the motor designs a value of
kcl,HTS = 3.42× 10−6 [W·A−1K−1] is assumed.

6.2.6 Splices

Splices are required to interconnect the superconducting coils. They are generally
made by soldering superconducting tapes over a length of several centimeters. For a
splice with a length of 10 cm, a splice resistance, Rs, of 20 nΩ [136] can be achieved.
The total heat generated in the splices, Psplice, depends on the number of splices and
the rms value of the coil currents as

Psplice = I2rmsRsNs, (6.15)

where Ns is the total number of splices.
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6.2.7 AC losses

Transients in the electromagnetic fields lead to additional heat loads. Eddy currents
will be induced in the normal-conducting parts of the motor, resulting in losses in the
first cooling stage PAC,shield, and losses in the second cooling stage PAC,cond. These
eddy currents result from the varying magnetic fields of either the superconducting
stator, the currents in the copper coils of the mover, or the movement of the permanent
magnets. The total heat load of the eddy current losses in the first cooling stage is
estimated at 10 W [76], and the heat load of eddy current losses in the second cooling
stage are estimated at 1 W. Finally, the AC losses in the superconducting coils, PAC ,
are a heat load component on the second cooling stage.

6.2.8 Condensation

Condensation of gasses on the outside of the cryostat is highly undesirable within
the high-precision equipment. The temperature at the outside of the cryostat should
therefore be higher than the dew point of the surrounding gasses on all points of its
surface. At 1 atm and 40% humidity, the temperature at which water condenses from
the air is 12 ◦C. The heat that is transferred from the outer wall of the cryostat to
the cooling stages should be compensated to keep the temperature of the outside of
the cryostat above the dew point of the surrounding gasses. This heat can be supplied
by radiation, convection, conduction, or by actively generating it locally. The amount
of heat that should be added to outside of the cryostat to prevent condensation Q̇rt is
at least

Q̇rt = Q̇mli + Q̇cl + Q̇fg. (6.16)

6.3 Optimization procedure of superconducting motors

A procedure for the optimization of the parameter values of superconducting motor
topologies is presented. The method is applied to two motor topologies selected
for the high-dynamic application, which are described in Chapter 5. These motor
topologies are shown in Fig. 5.4 and Fig. 5.5 respectively. Optimal designs for both
the moving-magnet motor (MMM) and a moving-coil motor (MCM) are obtained.
The optimization procedure takes into account the motion profile of the motors as
well as the parameters values of the superconducting tapes.

The optimum motor geometry is the one which best fits to the requirements of the
application. For the photolithographic application it is chosen to define the optimum
motor geometry as the motor with the lowest total volume, which has the lowest
required input power for the cryocooler. The optimization procedure results in a range
of motors with a different minimum volume as function of the given maximum input
power of the cooling system.
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Fig. 6.7: Optimization procedure for high-dynamic superconducting motors.

The motion profile for which the motors are optimized is shown in Fig. 5.3. A moving
mass of 100 kg is assumed, which is actuated by two double-sided linear motors. For
a peak acceleration of 800 m/s2, this results in a peak force per double-sided linear
motor, Freq, of 40 kN. In the remainder of this chapter, the results are given for
double-sided linear motors, which have two separate cryostats.

The optimization procedure, consisting of five main steps, is illustrated in Fig. 6.7.
In the first step of the procedure, the height of the back-iron is determined. For a
high number of ampere-turns in the superconducting coils, the back-iron saturates.
This decreases the peak force produced by the motor, and increases the force ripples.
Therefore, for each motor geometry and peak coil current the minimal thickness of the
back-iron is determined. The peak force of a periodic section with a back-iron height
of 50 mm is calculated in a static magnetic FEM model. Then, the minimal thickness
of the back-iron is determined for which the produced peak force is equal to 95% of
this value. This height is used in the AC loss and force calculation of the geometry.

In the second step of the optimization procedure the AC losses and peak force per
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Table 6.2: Range of the varied parameters of the finite element models in the second step
of the design optimization procedure.

Parameter Symbol Value Unit

Operating temperature TL 10, 25, 40, 60, 77 K
Number of turns SC coils N 20, 40, 80, 160, 240, 320, 400 -
Number of layers of SC coils Nsc 1, 2, 4 -
Peak SC coil current MMM Ipk 0 to Ic0, steps of 1% Ic0 A
Peak SC coil current MCM Ipk 0 to Ic0, steps of 5% Ic0 A

da

lsec lew/2

Periodic section

lew/2

xy

z

xz

y

Fig. 6.8: Example of a moving-magnet motor geometry with two periodic sections for the
mover and three periodic sections of the stator.

periodic section of the double-sided motor are calculated by the 2D AC loss models
developed in Chapter 5. These give results for half of the double-sided motor, so the
force and AC losses are multiplied by a factor of 2 to obtain the results for the double-
sided motor. The losses are calculated for different operating temperatures, numbers
of turns in the superconducting coils, numbers of layers of superconducting coils, and
peak currents in the superconducting coils. The ranges of the varied parameters are
given in Table 6.2. The depth of the models in the simulations is assumed equal to
1 meter.

In the third step, the motor is dimensioned to achieve the required peak force and
stroke. The force produced in the full-length double-sided motor depends on the
number of sections of the mover, Nmover, and on the active length of the coils, da.
The force produced per periodic section of the mover, per meter active length, Fsec, is
obtained from the static finite element simulations. In Fig. 6.8 the number of mover
sections and active length are illustrated for a moving-magnet motor geometry with
two periodic sections of the mover and three periodic sections of the stator. In the
optimization procedure the motor geometry is calculated for different integer numbers
of mover sections. The active length of the coils for which the required peak force of
40 kN, Freq, for the double-sided motor is obtained is calculated as

da =
Freq

FsecNmover
. (6.17)
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By taking into account the required stroke, s, of the motor, the number of periodic
sections of the stator, Nstator, is obtained as

Nstator = Nmover +

⌈
s

lsec

⌉
, (6.18)

where lsec is the length of a periodic section. The total volume of the motor is
calculated from the cross-section of the motors as shown in Fig. 5.4 and Fig. 5.5. For
the depth of the motors the active length of the coils, the length of the end-windings,
and the cryostat wall are taken into account. The length of the motor depends on the
number of periodic sections of the mover and on the stroke.

In the fourth step of the optimization procedure, the total input power of the cryocoolers
for the full double-sided motor is determined from the heat load equations presented
in the beginning of this chapter and the calculated AC losses. The AC losses per
periodic section of the motor, per meter depth, PAC,sec, are obtained from the finite
element simulations. The total AC losses in the motor are determined differently for
the MMM and the MCM.

For the MMM, it is assumed that all periodic sections carry the varying coil currents
for all positions of the mover, and have equal AC losses. Furthermore, it is assumed
that, per unit length of the coil bundle, the AC losses in the end-windings are equal
to the calculated AC losses in the straight sections of the coils. The mean length of
the end-windings per conductor bundle, lew, as shown in Fig. 6.8, is calculated as

lew =
π(din + wb)

2
. (6.19)

The total AC losses, PAC , for the double-sided moving-magnet motors are calculated
as

PAC = NstatorPAC,sec(da + lew). (6.20)

For the MCM, losses in the superconducting coils in the stator only result from the
varying applied magnetic fields generated by the mover. Therefore, losses occur mainly
in the active part of the motor, and are assumed to depend only on the number of
periodic sections in the mover. The total AC losses for the double-sided moving-coil
motors are calculated as

PAC = NmoverPAC,secda. (6.21)

The total input power of the cryocoolers of the motors, Ptot, is calculated from the
total heat load of the cryogenic system given by (6.2) and (6.3), and is given by

Ptot = ηCooler(TI)Q̇I + ηCooler(TL)Q̇II . (6.22)
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6.4 Selection of optimal motors

The results of the fourth step of the optimization procedure is a large set of motor
geometries which achieve a peak force of 40 kN for different operating conditions, total
motor volumes, and required input power of the cryocooler. The fifth and final step of
the optimization procedure is to select the optimal geometry and operating conditions
based on the optimization criteria.

6.4.1 Pareto-optimal motors

A design which fits best to the application is chosen from all motor designs. The
optimum design is defined as the motor with the lowest volume for a given input
power of the cryocooler. This results in a Pareto front of optimal designs for a given
cryocooler input power.

The Pareto fronts of the total motor volume versus the total required cooling power
for the double-sided MMM and MCM are shown in Fig. 6.9. Each symbol in the figure
indicates a combination of operating temperature, number of turns, number of layers
of coils, number of periodic sections, and peak coil current. For the MMM, for the
Pareto-optimal motor geometries the simulations were repeated with the coil currents
increasing in steps of 1% of Ic0 to increase the resolution of the Pareto front.

The figure shows that approximately equal minimum motor volumes can be achieved
by the two different motor topologies, for equal operating temperatures and cooling
input power. The results for the MMM, shown in Fig. 6.9(a), show that motor volumes
between 0.04 m3 and 0.06 m3 are achieved for operating temperatures of 10 K to 40 K.
The results for the MCM, shown in Fig. 6.9(b), show that motor volumes between
0.03 m3 and 0.05 m3 are achieved for this motor topology for operating temperatures
between 10 K and 60 K.

6.4.2 Optimal motor designs for given maximum cooler input power

For both the MMM and the MCM motor topologies, increasing the available cooling
power beyond 40 kW does not decrease the minimum achievable volume strongly. At
these high levels of losses, the coils are operating above their critical current. Therefore,
the geometries with the smallest volume for a maximum cooling power 40 kW are
analyzed in more detail.

Moving-magnet motor

The parameters of the optimal MMMs, with a maximum of 40 kW cryocooler input
power, for the different operating temperatures, are given in Table 6.3. The motor
volume of the optimized motor geometries of the MMM for 10 K to 40 K are approx-
imately equal, while the minimum motor volume for motors operating at 60 K or
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Fig. 6.9: Scatter plot and Pareto front of total motor volume versus total input power of
the cooling system for different temperatures for motors with a peak force of 40 kN, for
(a) moving-permanent-magnet motors (MMM) and (b) moving-copper-coil motors (MCM).
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Table 6.3: Optimized MMM geometries for a maximum total input power of the cryocooler
of 40 kW, at different operating temperatures.

Operating temperature
Unit 10 K 25 K 40 K 60 K 77 K

Optimized parameters
Nr of turns - 160 160 160 240 400
Nr of stacked layers - 1 1 1 1 1
Peak coil current A 214 217 168 25 76
Active length coils mm 196 193 250 270 362
Height back-iron mm 10 10 5 10 20
Nr of periodic sections mover - 4 4 4 4 2
Nr of periodic sections stator - 6 6 6 6 3

Resulting parameters
Volume double-sided motor m3 0.048 0.048 0.051 0.088 0.112
Motor length mm 1602 1602 1602 2178 1665
Motor depth mm 300 297 354 406 562
Motor height mm 100 100 90 100 120
Coil pitch mm 89 89 89 121 185

Total cooler input power W 33623 36071 32607 39110 35938
Efficiency cooler 1st stage W/W 23.4 23.4 23.4 23.4 23.4
Cooler input 1st stage W 4871 4886 4734 4506 35938
Efficiency cooler 2nd stage W/W 508 153 75 37 -
Cooler input 2nd stage W 28752 31186 27873 34604 -

Heat load 1st stage W 209.5 209.9 203.1 193.1 1537.5
Heat through MLI W 0.2 0.2 0.2 0.3 0.4
Heat load current leads W 30 30 23 13 10
Heat load force guides W 160 160 160 160 160
Heat generated in cryostat W 20 20 20 20 20

Heat load 2nd stage W 57.66 204.87 372.85 924.09 -
Heat load radiation W 0.08 0.08 0.10 0.15 -
Heat load HTS current leads W 1.31 1.07 0.51 0.05 -
Heat load force guides W 0.76 0.59 0.42 0.19 -
Heat load splices W 0.01 0.01 0.01 0.00 0.00
Heat generated in cryostat W 2.00 2.00 2.00 2.00 -
AC losses SC coils W 53 201 370 922 1347
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Table 6.4: Optimized MCM geometries for a maximum total input power of the cryocooler
of 40 kW, at different operating temperatures.

Operating temperature
Unit 10 K 25 K 40 K 60 K 77 K

Optimized parameters
Nr of turns - 240 240 240 240 240
Nr of stacked layers - 1 1 1 2 2
Peak coil current A 236 331 444 515 226
Active length coils mm 249 178 199 205 233
Height back-iron mm 10 10 15 15 10
Nr of periodic sections mover - 3 3 2 2 4
Nr of periodic sections stator - 5 5 4 4 6

Resulting parameters
Volume double-sided motor m3 0.048 0.039 0.037 0.042 0.062
Motor length mm 1360 1360 1088 1088 1632
Motor depth mm 385 314 335 341 369
Motor height mm 92 92 102 112 102
Coil pitch mm 136 136 136 136 136

Total cooler input power W 36134 30576 39822 38504 35500
Efficiency cooler 1st stage W/W 23.4 23.4 23.4 23.4 23.4
Cooler input 1st stage W 4688 5082 5548 5850 35500
Efficiency cooler 2nd stage W/W 508 153 75 37 -
Cooler input 2nd stage W 31446 25494 34274 32654 -

Heat load 1st stage W 221.6 238.3 258.1 270.6 1538.7
Heat through MLI W 0.2 0.2 0.1 0.1 0.2
Heat load current leads W 42 58 78 91 40
Heat load force guides W 160 160 160 160 160
Heat generated in cryostat W 20 20 20 20 20

Heat load 2nd stage W 62.38 167.03 458.06 871.98 -
Heat load radiation W 0.09 0.07 0.06 0.07 -
Heat load HTS current leads W 0.65 0.47 0.28 0.11 -
Heat load force guides W 0.78 0.60 0.43 0.20 -
Heat load splices W 0.02 0.04 0.06 0.17 0.05
Heat generated in cryostat W 2.00 2.00 2.00 2.00 -
AC losses SC coils W 59 164 455 869 1319
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higher are more than 70% larger. For higher operating temperatures, the optimal
numbers of turns in the superconducting coils increase, while the maximum operating
currents decrease.

For all optimal MMM motors the heat load of the AC losses is the main contribution
to the total required cooling power. The second largest component are the force guides.
The other heat loads all add minor contributions to the total required cooling power.
For all optimal motors the force guides give a heat load of 160 W on the first cooling
stage. The heat load of the current leads on the first cooling stage is higher for the
motors operating at lower temperatures and higher coil currents, and is at most 30 W
for the double-sided motor. The assumed heat that is generated in the cryostat in
the second cooling stage of 1 W per cryostat is the second largest component of the
heat load on that stage after the AC losses. The heat load of the splices is negligible
for all operating temperatures, and the heat load of the HTS current leads and the
force guides on the second cooling stage are lower than 3 W combined. For motors at
lower operating temperatures, the total surface area is lower, and therefore the heat
radiated through the MLI is lower.

The minimal volume of the motor topology of 0.048 m3 is achieved at 25 K and at 10 K.
The volume of the motor at 40 K is 6% larger. For motors with equal performance, a
motor operating at a higher temperature is more desirable since the thermal stability
will be higher. The optimal MMM at a temperature of 25 K is examined in more
detail in the next section.

Moving-coil motor
The parameters of the optimized MCM with a maximum of 40 kW are given in
Table 6.4. For the MCM, the volume of the motors operating at 10 K to 60 K are
between 0.037 m3 and 0.048 m3. The optimal operating currents of the MCM, at
temperatures of 25 K and 40 K are approximately a factor 2 higher than those of the
MMM. The optimum number of turns is equal to 240 at all temperatures for the MCM,
while for the MMM the optimum number of turns varies from 160 at a temperature of
10 K to 400 at a temperature of 77 K. For the MCM, as it is for the MMM, the AC
losses in the superconducting coils are the dominant factor in the total heat load. The
other heat load components are approximately equal to those of the MMM.

The minimum volume that is achieved is 0.038m3 for an operating temperature of
40 K. The optimal MCM at 40 K is examined in more detail in the next section.

6.5 Detailed analysis

The optimal MMM at 25 K and the optimal MCM at 40 K are examined in more
detail. The motors are designed to produce 40 kN with a cryocooler input power lower
than 40 kW. The geometries of these motors are shown in Fig. 6.10. The MMM, shown
in Fig. 6.10(a) has total volume of 0.048 m3, and an input power of the cryocooler of
36 kW, while the MCM, shown in Fig. 6.10(b) has a total volume of 0.037 m3 and an
input power of the cryocooler of 40 kW.
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Fig. 6.10: Optimized geometry of the moving-permanent magnet motor at 25 K (left) and
the moving-copper-coil motor at 40 K (right). The dimensions of the motors are given in
millimeters. The back-iron and cryostat have been partially cut away to show the layout of
the superconducting coils.

6.5.1 Force production

The influence of the end-windings and end-effects of the linear motor on the produced
force are neglected in the 2D finite element models used to optimize the motor
geometries. A 3D static magnetic FEM model of the optimal geometries of the MMM
and the MCM is implemented to validate the force produced by the motors. The
maximum force of the optimal MMM and MCM, as function of the position of the
mover, is shown in Fig. 6.11. The peak force of given by both motor types in the
3D model is 47 kN, while the motor has been designed for a peak force of 40 kN
by the 2D model. The difference between the force determined by the 2D and the
3D models results from the force produced by the end-windings of the coils, since
in the 2D models only the straight sections of the coils are taken into account. A
position-independent force is desired for the photolithographic application, in order to
achieve a high position accuracy. The simulation shows that the produced forces are
constant over the stroke of 0.5 meters within 1.0% and 0.3% in the MMM and MCM
respectively.

The force per active area of the air gap is equal to 62 kN/m2 for the MMM, and
129 kN/m2 for the MCM. In Chapter 1, values of 30 kN/m2 were found for conventional
water-cooler linear synchronous motors [142], and 80 kN/m2 for superconducting tubu-
lar induction motors [76]. Based on the electromagnetic design, the superconducting
motors therefore achieve significantly higher force density than conventional linear
motors.

6.5.2 Magnetic flux density

The magnetic flux density in the air gap indicates the potential of the superconducting
motors compared to conventional motors. Furthermore, it gives insight in the magnetic
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Fig. 6.11: Produced propulsion force as function of x-position of the mover for the optimal
MMM and MCM motors for the maximum coil current.

field applied to the superconducting tapes. The flux density is analyzed at the location
shown in Fig. 6.12. The magnetic flux density in the z-direction, in the center of
the air gap, for the MMM is shown in Fig. 6.13. The flux density is calculated for
the maximum coil current, at a mover position of x equal to zero. The peak-to-peak
magnetic flux density generated by the superconducting coils is equal to 2 T. The
magnetic flux density in the z-direction, in the center of the air gap, for the MCM
is shown in Fig. 6.14. The peak-to-peak value of the magnetic flux density is equal
to 3.2 T. Both the MMM and the MCM achieve considerably higher magnetic flux
densities in the air gap than their equivalent conventional motors.

6.5.3 Costs of superconducting tapes

For the MMM, each coil contains approximately 80 meters of tape. For the double-
sided motor, this would require 28 km of superconducting tape. The current price
of the superconducting tapes is approximately e 50/m length for 4 mm wide tapes,
giving an estimated cost of the superconducting tape for the double-sided motor as
e 143 000. For the MCM, the total estimated cost of the superconducting tape is equal
to e 103 000. These costs are approximately 0.1% of the total selling price of the most
recent photolithographic systems [8]. Therefore, the cost of the superconducting tapes,
mentioned as the second challenge of superconducting linear motors in Chapter 1,
does not have a significant impact on the cost of the total system. As mentioned in
Section 1.2.2, the price of superconducting tapes decreases yearly, while the critical
current performance increases. Therefore, the costs of the superconducting tapes of a
motor with equal performance will decrease over time.
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Fig. 6.13: Magnetic flux density in the MMM in the z-direction, in the center of the air
gap, for the maximum currents in the superconducting coils.
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Fig. 6.14: Magnetic flux density in the MCM in the z-direction, in the center of the air gap,
resulting for maximum dc currents in the superconducting coils.
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6.6 Discussion

The optimization procedure has provided an optimal geometry and operating point for
the MMM and for the MCM. From Fig. 6.9 it can be seen that the minimum motor
volume for the MMM and MCM as function of cooling power are similar. It can be
concluded that one of the motor topologies does not perform significantly better than
the other under the given assumptions of input parameters and optimization criteria.

The AC losses in the MMM are more strongly dependent on the applied coil current
than in the MCM. Therefore, for the MMM a step size in the applied coil currents
of 1% of the critical current is required in the optimization procedure to achieve a
sufficiently high resolution, while in the MCM a step size of the coil current of 5% of
the critical current is sufficient.

The optimum motor geometries depend strongly on the optimization criteria. In this
case, motors with a minimal volume were defined to be optimal. Because the mass of
the mover adds to the mass that is moved by the reticle stage motors, a motor with a
low mass of the mover could be preferential to a motor with a low volume. In this
case, motor geometries with a higher number of stacked superconducting coils might
be optimal.

Both the MMM and the MCM topologies have their inherent advantages and disad-
vantages. In the MMM, there are attraction forces between the permanent magnets
and the back-irons of the coils. This stiffness in the directions perpendicular to the
motion could result in larger positioning errors. Furthermore, for the MMM the su-
perconducting coils produce a strong and varying magnetic field which could influence
other parts of the photolithographic application. In the MCM the copper coils in the
mover generate heat. This requires an additional cooling system. Any heat source
within the photolithographic application can lead to positioning errors in other parts
of the system. Furthermore, the copper coils require a moving cable slab to supply
their current, which increases the positioning error.

As mentioned in Section 5.6.8, the AC losses in the motor depend on the repetition
rate of the motion profile. For motion profiles with a lower repetition rate, the AC
losses will be lower, and higher coil currents can be applied for an equal input power
of the cryocooler. The performance of the MMM topology could be relatively higher
than that of the MCM for motion profiles with lower repetition rates than that of the
analyzed profile, since the performance of the MMM is more affected by the AC losses,
and the performance of the MCM is more affected by the critical current of the coils.

Both the optimal operating temperature and optimal geometry are dependent on the
superconducting material. Striated superconducting tapes, mentioned in Section 2.2,
might be used in the superconducting coils once they are commercially available, and
could lead to lower AC losses at equal peak coil currents. This would most significantly
influence the optimal design of the MMM, and possibly allow much higher force
densities.
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The mechanical analysis of the superconducting motor should be taken into account
in the further design and selection of a superconducting motor geometry. The high-
dynamic operation of the motor will lead to high and dynamic mechanical stresses
both in the superconducting coils and in the structure of the motor. A comparison
should be made between the stresses in the coils in the MMM and the MCM, and a
structural support of the superconducting coils should be developed.

The optimal operating temperatures of both motor topologies are between 10 K and
40 K. Furthermore, the AC losses are dominant in determining the total heat load.
This gives direction towards a thin-wall cryostat design for this temperature range.

The coil currents of several hundreds of amperes, together with the requirement of
high-precision motors, requires power amplifiers which can deliver high currents with
a high accuracy. For the MMM, three-phase power amplifiers would be required which
can supply a highly dynamic current with a peak value of approximately 200 A. For
the MCM, the voltages over the coils will vary highly dynamically, and a single-phase
power amplifier which can supply a constant current of approximately 500 A, with a
varying output voltage will be required.

6.7 Conclusions

This chapter presented a design optimization method for superconducting linear motors.
The method takes into account the AC losses in the superconducting coils as well as
other heat loads on the cryogenic system, and the efficiency of the cryocooler. Analytic
models for the heat load components on the cryogenic system have been presented.
The AC losses in the superconducting coils have been taken into account by FEM
models.

A design optimization procedure has been presented in which the operating tem-
perature, peak coil current, and geometry of the superconducting motors is varied.
The procedure has been applied to two topologies: moving-permanent-magnet mo-
tors with ac superconducting coils (MMM), and moving copper-coil motors with dc
superconducting coils (MCM).

A Pareto-front of optimum geometries has been determined for motors producing a
peak force of 40 kN. The optimum geometries are defined as those with the lowest
total volume. The main heat loads on the cryocoolers have been identified to be the
AC losses in the superconducting coils and the force guides. It has been shown that
both superconducting motor topologies achieve similar performances for equal input
power of the cryocooler. Above an input power of the cryocoolers of 40 kW, the
minimum volume of the motors does not increase strongly with increasing available
cooling power.

Motors with a maximum input power of the cryocooler of 40 kW have been analyzed
in more detail. The lowest motor volumes are achieved at intermediate cryogenic
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temperatures of 25 K to 60 K. For the MMM, the motor with the lowest volume has
an operating temperature of 25 K, while the motor with the lowest volume of the
MCM is found at 40 K. The force produced by the optimal MMM, per active area of
the air gap, is equal to 62 kN/m2, and that of the MCM is equal to 129 kN/m2. This
is a factor 2 to 3.5 higher than that of conventional water-cooled linear motors.

It can be concluded that both the MMM as well as the MCM are potential candidates for
high force-density high-dynamic motors. The most suitable motor topology for a given
application will depend on the optimization criteria, the available superconducting
materials, and mechanical design constraints.





Chapter 7

Conclusions and recommendations

This chapter gives the conclusions of the research into high-dynamic superconducting
motors, lists the main contributions of the thesis, and gives recommendations for
further research.
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7.1 Conclusions

The main goal of this thesis is to research modeling, measurement, and design methods
for high-dynamic superconducting linear motors with HTS superconducting tapes. In
high-dynamic motors, the fast changes in forces result in non-sinusoidal coil currents
and non-sinusoidal variations of the applied magnetic fields to the coils. A framework
has been created to come from material parameter identification to an optimized motor
design of a high-dynamic superconducting linear motor. The goals and objectives of
the research have been described in Section 1.4.

7.1.1 Development status of superconducting linear machines

The literature review has shown that the development of superconducting linear
machines is less advanced than that of rotating superconducting machines. Three
main technological challenges for superconducting linear machines have been identified:
the motor constant is reduced because the cryostat wall increases the magnetic gap
between the stator and the mover, the cooling system reduces the overall efficiency
and increases the costs and the complexity of the machines, and the modeling of the
electromagnetic behavior of the superconducting coils requires significant additional
modeling effort. In large-scale rotating motors these challenges are less pronounced,
since dc superconducting coils with a large pole pitch can be used which minimize
the effect of the large air gap, and have low AC losses. The only fully developed
application of superconducting linear machines are the L0-series Maglev trains, in
which the large scale and constant-velocity operation of the motors diminishes these
main challenges. Superconducting linear motors for high-dynamic motion have been
scarcely researched up to now, and for these motors no a-priori estimation of the AC
losses had been shown.

7.1.2 Modeling of the electromagnetic behavior of high-dynamic
superconducting linear motors

For the design and analysis of high-dynamic superconducting motors an accurate
prediction of the AC losses in the superconducting coils is required. Modeling methods
used for conventional electric motors cannot effectively include the highly nonlinear
superconducting material properties and the high aspect ratio of the tapes.

Finite element models based on the H-formulation of the magnetic fields have been
applied to calculate the AC losses in stacks of superconducting tapes. In the models,
the nonlinear resistivity of the superconducting material is modeled by the power-law
model, and the magnetic field-dependency of the critical current density is modeled
by the modified Kim-model. In the full model (FM) each superconducting tape is
modeled as an individual region, and the quasi-static magnetic field equations are
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solved in the full domain. This approach leads to long calculation times for models of
superconducting linear motors. Two model reduction methods have been researched
and implemented to decrease the computation time. The first method represents stacks
of tapes as homogenized regions in a homogenized model (HM). The second method
additionally solves the quasi-static magnetic model in a sub-region containing only
the superconducting tape stack, while the boundary conditions of this sub-region are
calculated in a static magnetic model of the full domain. This one-way coupling has
been extended to an iterative coupling, giving a homogenized and iteratively coupled
model (HIM). For a benchmark model, the discrepancy of the AC losses calculated by
the HIM and the FM is 3.5% after the first iteration of the HIM and 1.4% after the
second iteration. The computation time of the HIM is 75% lower than that of the FM
for the benchmark model, although a reduction of two orders of magnitude is possible
for more complex models. The model reduction methods allow to analyze the AC
losses in superconductors in linear motors with strongly reduced computation times.

7.1.3 Measurement methods for AC losses in high-dynamic
superconducting motors

Two methods for the measurement of AC losses in superconducting coils have been
investigated. An electrical and a calorimetric measurement instrument have been
developed to analyze the AC losses for high-frequent and non-sinusoidal currents, as
well as to validate the finite element models for these current waveforms.

The electrical measurement instrument can measure AC losses in superconducting
coils for sinusoidal and non-sinusoidal current waveforms in a range of 20 Hz to
1 kHz. The method is based on the direct measurement of current and voltage at the
terminals of the superconducting coils. This method has been used to investigate the
frequency-dependency of the AC losses on the applied coil currents, as well as the AC
losses for typical current waveforms in high-dynamic motors with ac coils.

The calorimetric measurement method can measure the AC losses resulting from moving
permanent magnets as well as applied coil currents. The measurement instrument is
based on the boil-off method. Measuring the AC losses by applied coil currents with
this instrument has given an additional validation for the electrical measurements. The
95% confidence bounds of the calibration of the calorimetric measurement method are
±0.19 W for the measurements with coil currents, and ±0.57 W for the measurements
with moving permanent magnets. The resolution of the electrical measurement method
is approximately 5 mW.

7.1.4 Analysis of AC losses in high-dynamic superconducting
motors

The AC losses calculated by the finite element models have been compared to those
obtained by the measurements. The AC losses for non-sinusoidal currents waveforms
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which occur in high-dynamic superconducting motors are predicted by the FM and
the HM with a 7% accuracy for ratios of the peak current to critical current of the
tape higher than 12%.

The measured and modeled AC losses have been compared for sinusoidal, triangular,
and trapezoidal waveforms over a wide range of frequencies and peak values of the
coil current. The FM models predict the value of the AC losses with an average
discrepancy of 20%.

A frequency-dependency in the total AC losses has been observed in both the measure-
ments and the models. The AC losses in the superconducting layer of the coils decrease
with increasing frequency. This behavior results from the mixed hysteretic and resistive
behavior of the superconducting materials. For frequency components higher than
approximately 200 Hz, additional losses are measured in the non-superconducting
layers of the tapes.

Furthermore, it has been shown that, although the critical state model predicts equal
losses for periodic waveforms with equal peak currents, the AC losses are dependent
on the waveform of the applied current. This behavior is also predicted by the finite
element models based on the power-law model.

The AC losses resulting from moving permanent magnets along the superconducting
coil have been measured. It has been shown that the AC losses in a superconducting
coil resulting from moving permanent magnets increases linearly with the repetition
rate of the motion. The measured AC losses by moving permanent magnets as function
of dc current applied to the superconducting coils show equal trends in the simulations
and measurements. A maximum absolute discrepancy of 60% indicates that either the
model parameters have not been matched to the measurement, or phenomena occur
in the measurement which are not included in the magnetic 2D models.

7.1.5 Design methods for superconducting linear motors

The existing design methods for conventional linear motors are not directly applicable
to superconducting motors since the maximal performance of superconducting motors
is governed by different phenomena. Furthermore, the nonlinear behavior of the
superconducting materials prevents the results from one operating point of the motor
to be accurately extrapolated to other operating points, necessitating a different
approach for superconducting motor design.

Two motor topologies suitable for the photolithographic application have been identi-
fied. The first are moving-magnet motors (MMM) with moving permanent magnets
and superconducting stator coils carrying commutated currents. The second are
moving-coil motors (MCM) with moving copper coils and superconducting stator coils
carrying dc currents. The dependency of the AC losses on the geometry, peak value of
the coil current, and operating temperature have been investigated. It has been shown
that the number of turns and number of stacked superconducting coils influence the
critical current of the coils.
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A design optimization procedure has been developed which takes into account the heat
load of the cryostat of the superconducting motors and the AC losses in the supercon-
ducting coils. The design procedure is based on HIM models of the superconducting
motor geometries. Designs for double-sided MMM and MCM motors with a peak force
of 40 kN and a minimal volume have been obtained. A similarly high force density
is achieved in the range of 10 K to 60 K by different motor geometries at different
temperatures. The main heat load component of the motor was determined to be the
AC losses in the superconducting coils. No clear general preference can be given toward
either the MMM or MCM motor topology. This choice depends on the optimization
criteria, available superconducting materials, and mechanical considerations.

The performance of the motors designed for a peak force of 40 kN can not be significantly
increased by increasing the cooling powers above 40 kW. Therefore, the optimal motors
with a cooling power of at most 40 kW have been analyzed in more detail. The minimal
motor volume of the optimal MMM and MCM are 0.048 m3 and 0.037 m3 respectively.
Their force density, given as ratio of the peak produced force to the active area of the
air gap, is equal to 62 kN/m2 for the MMM and 129 kN/m2 for the MCM. The MMM
has 36 kW cooling power compared to 40 kW for the MMM. Compared to state-of-the
art water-cooled conventional linear motors a factor of 2 to 3.5 higher force per active
area of the air gap can achieved, based on the electromagnetic optimization.

7.2 Scientific contributions

This thesis presented the extension, validation, and integration of existing research
on superconductivity to address the design of high-dynamic superconducting linear
motors. The scientific contributions of this thesis can be summarized as:

� Validation of model reduction methods for finite element models of stacks of
superconducting tapes, and extension of the decoupled modeling approach to an
iterative coupling.

� Development of two measurement instruments for AC losses in superconducting
coils: an electrical method for AC losses resulting from non-sinusoidal and
high-frequent currents and a calorimetric method for the measurement of AC
losses resulting from moving permanent magnets.

� Analysis of AC losses in HTS coils in high-dynamic linear motors by finite
element models and experimental validation.

� Development of an electromagnetic and thermal design optimization procedure
for high-dynamic superconducting motors, based on AC loss models and thermal
models.

� The design of a moving-permanent-magnet motor with ac superconducting stator
coils and a moving-copper-coil motor with dc superconducting stator coils.
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7.3 Recommendations

Recommendations are given in two areas: research on superconductivity in general
and the research and development of high-dynamic superconducting motor technology
for photolithography in particular.

7.3.1 Research on superconductivity

The modeling method in which a static magnetic model is coupled to a quasi-static
magnetic model in the H-formulation could be improved by replacing the latter with
a faster model. Initially, in this thesis the H-formulation was chosen because it is
able to model materials with a magnetic permeability unequal to unity. However,
in the decoupled finite element model, the relative magnetic permeability in the
H-formulation model is equal to unity in the whole domain. Models which have
lower computation times than the H-formulation model, but which cannot include the
magnetic permeability [115]. These models could be applied in decoupled modeling
method to further reduce the computation time.

An extension of the 2D models of the AC losses to 3D can increase the accuracy of
the predicted critical current and AC losses of the models. For coils with a small
ratio of inner diameter to height, the enhancement of the magnetic flux density in
the end-windings is high. For these situations, the 2D finite element models will
underestimate the AC losses, and overestimate the critical current of the coils.

Finally, the applicability of striated superconducting tapes should be investigated.
This technique could reduce the AC losses, although the technology of striated tapes
has not yet sufficiently matured for large-scale production. Furthermore, no analysis
of the AC losses in coils wound of striated tapes has been published yet.

7.3.2 Development of high-dynamic superconducting motor
technology

To continue the research into high-dynamic superconducting linear motors, it is
recommended to develop a prototype motor. In this way, further technological and
scientific challenges will be exposed. Development of a prototype motor would include
the design of a thin-wall cryostat, and the evaluation of the eddy current losses in the
cryostat wall. The motor should be designed for an operating temperature of 25 K to
60 K, which has been determined as optimal in the design optimization procedure.
The thermal stability of the superconducting coils should be investigated since it
could limit the operating of the coils at lower temperatures. For the high-dynamic
motors, the superconducting coils experience highly dynamical mechanical loading,
as well as thermal stresses. This will require investigation of the deformation and
material fatigue of the superconducting coils. Finally, the hysteretic behavior of the
superconducting tapes will lead to hysteresis forces. To achieve nanometer-accurate
positioning, these forces should be investigated.
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List of symbols - Latin symbols

Symbol Description Unit

a Half-width of superconducting tape m
a Acceleration m/s2

apk Peak value of acceleration m/s2

A Cross-sectional area m2

Aact Active area of air gap m2

Acr Surface area of cryostat m2

Aguide Cross-sectional area of force guide m2

Atape Cross-sectional area of the superconducting layer m2

B Magnetic flux density T
B0 Parameter of the Kim-model T
C Contour in finite element model -
d Thickness of superconducting tapes m
dcx Horizontal spacing between SC coils m
dcz Vertical spacing between SC coils m
din Inner diameter of SC coils m
din,c Inner diameter of copper coils m
E Electric field strength V/m
Ec Critical voltage criterion V/m
f Frequency Hz
Fguide Peak force on force guide N
Fpk Peak force produced by motor N
fs Source term in general form PDE -
h Number of mesh elements in height of tape -
hbi Height of back-iron in stator m
hbi,m Height of back-iron in mover m
hc Height of SC coils m
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Symbol Description Unit

hc,c Height of copper coils m
hcr Height of cryostat m
hg Height of air gap m
hm Height permanent magnets m
H Magnetic field strength A/m
Hc Critical field strength A/m
Hc1 Lower critical field A/m
Hc2 Upper critical field A/m
i Instantaneous value of current A
i0 dc component of periodic current A
I Current A
Ic Critical current A
Ic0 Parameter of the modified Kim-model A
Ipk Peak coil current A
Ik Transport current in k-th superconducting tape in stack A
Im Transport current in m-th homogenized region of stack A
I0 Peak value of periodic current A
J Electrical current density A/m2

Jc Critical current density A/m2

Jc,hom Critical current density in homogenized region of stack A/m2

k Parameter of the Kim-model -
k Index of tape in stack of tapes -
k Thermal conductivity Wm−1K−1

kcl,HTS Heat load constant of superconducting current lead WK−1A−1

K Number of tapes in stack of tapes -
ld Length of die m
lguide Length of force guide m
L0 Lorenz number WΩK−2

Ly Spacing between layers superconducting tapes m
m Index of region in homogenized stack -
M Number of regions in homogenized stack -
M Magnetization A/m
M0 Initial magnetization A/m
Mi Induced magnetization A/m
n Index of harmonic -
n Exponent of current-voltage relation -
N Number of turns per coil -
Ncl Number of current leads in a motor -
Ns Number of splices in a motor -
Nsc Number of stacked superconducting coils -
P Instantaneous loss power W
PAC Heat generated by AC losses in superconducting coils W
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Symbol Description Unit

PAC,cond Heat generated in the first cooling stage W
PAC,shield Heat generated in the second cooling stage W
Ploss Time-averaged losses W
PAC,sec AC losses per periodic section of the motor W
Psc Instantaneous losses in superconductor W
Pstored Time-averaged rate of energy storage W
Q Mass coefficient in general form PDE -
Q Hysteresis losses per cycle J

Q̇cl Heat load of copper current leads W

Q̇cl,HTS Heat load of superconducting current leads W

Q̇fg Heat load through force guide W

Q̇fg,lt Heat load of low-temperature force guides W

Q̇I Total heat load on first cooling stage W

Q̇II Total heat load on second cooling stage W

Q̇mli Heat load through multi-layer insulation W

Q̇rad Heat load of thermal radiation W
Qres Total resistive losses J

Q̇rt Heat load on room-temperature environment W
Qsc Total losses in superconducting layer J
Psplice Heat load by splices in superconducting tape W
Qsub Total losses in the substrate J
Qtot Total AC losses J
Rs Resistance per splice Ω
t Time s
tm Measurement time s
tt Total time per die per exposure s
T Length of periodic signal s
T Temperature K
Tc Critical temperature K
TL Temperature of 2nd cooling stage K
TH Hot-side temperature K
TI Temperature of 1st cooling stage K
Ts Time steps taken by the static magnetic solver s
Tt Time steps taken by the transient magnetic solver s
u Dependent variable in PDE -
v Instantaneous value of voltage V
v0 dc component of voltage V
vr Scan velocity of reticle m/s
vs Scan velocity of wafer m/s
wb Coil bundle width m
wm Magnet width m
x,y,z Carthesian coordinates m
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List of symbols - Greek symbols

Symbol Description Unit

α Image magnification factor -
α Parameter of the Kim-model -
αn Phase shift of n-th harmonic of current rad
αT Parameter for temperature dependency of critical current -
βn Phase shift of n-th harmonic of voltage rad
Γ Conservative flux vector in general form PDE -
ε Thermal emissivity -
ηCarnot Carnot limit of thermal efficiency -
ηCooler Thermal efficiency of cryocooler -
θ Angle of magnetic field w.r.t. tape rad
µ Magnetic permeability H m−1

µ0 Magnetic permeability of free space (4π × 10−7) H m−1

µr Relative magnetic permeability -
ρ Electrical resistivity Ω m
σact Force produced per active area of air gap N/m2

σb Stefan-Boltzmann constant (5.670367× 10−8) Wm−2K−4

σy Yield stress N/m2

τc Coil pitch of superconducting coils m
τc,c Coil pitch of copper coils m
τm Magnet pitch m
φ Offset in current phase angle rad
χm Magnetic susceptibility -
ω Radial frequency rad/s

List of abbreviations

Abbreviation Description

1G First-generation HTS tape (BSCCO)
2D Two-dimensional
2G Second-generation HTS tape (YBCO)
3D Three-dimensional
ac Alternating current
AC loss Losses in superconductors by time-varying conditions
BDF Backwards Differential Formula
BSCCO BiSrCaCuO ceramic superconductor
CSM Critical State Model
dc Direct current
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Abbreviation Description

DoF Degrees of Freedom
EMALS ElectroMagnetic Aircraft Launch Systems
emf Electromotive force
FEM Finite Element Model
FM Full finite element Model
FoM Figure of Merit of cryocooler
HIM Homogenized and Iteratively coupled finite element Model
HM Homogenized finite element Model
HTS High Temperature Superconductor/Superconducting
LN2 Liquid Nitrogen
LTS Low Temperature Superconductor/Superconducting
MCM Moving-Coil Motor
MD Mean percentual Difference between two sets
MDA Mean Absolute percentual Difference between two sets
MLI Multi-Layer Insulation
MMM Moving-Magnet Motor
MRI Magnetic Resonance Imaging
MUMPS MUltifrontal Massively Parallel sparse direct Solver
PDE Partial Differential Equation
PM Permanent Magnet
rms Root mean square
SC SuperConducting
TRL Technology Readiness Level
YBCO YBaCuO ceramic superconductor
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