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Abstract: This paper presents a numerical modeling method for AC losses in highly dy-
namic linear actuators with high temperature superconducting (HTS) tapes. The AC losses
and generated force of two actuators, with different placement of the cryostats, are com-
pared. In these actuators, the main loss component in the superconducting tapes are hyster-
esis losses, which result from both the non-sinusoidal phase currents and movement of the
permanent magnets. The modeling method, based on the H-formulation of the magnetic
fields, takes into account permanent magnetization and movement of permanent magnets.
Calculated losses as function of the peak phase current of both superconducting actuators
are compared to those of an equivalent non-cryogenic actuator.
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1. Introduction

Linear motors are applied in highly dynamic positioning systems in the semiconductor
industry [1]. In photolithographic systems, linear motors move the photomask in a repeated
left-to-right sequence to allow scanning exposure of the dies on a wafer. Application of super-
conducting motors in these systems potentially allows an increase in throughput while lower-
ing the required input power. Losses in the superconducting tapes are a dominant factor in the
required cooling power, while the critical current density of the coils wound of superconducting
tapes limits the force density that can be achieved.

Various linear actuators exist which incorporate superconducting materials. A linear ac-
tuator with a copper stator winding and field-cooled HTS bulk material in the translator was
developed for electromagnetic aircraft launch systems [2], where the translator is levitated
using HTS bulk levitation components. Another electromagnetic aircraft launch system, with
superconducting stator coils and a field-cooled bulk HTS mover, was presented in [3, 4]. The
use of trapped field HTS bulks is less suitable for the application described in this paper, since
the trapped field attenuates as a result of an applied AC magnetic field [5]. A tubular actuator
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with permanent magnet mover and a superconducting stator with a soft magnetic iron core
was presented in [6]. For this actuator, loss calculations were presented for sinusoidal excita-
tion of the coils, concluding that the maximum frequency of the coil currents is around 15 Hz
in [7].

Hysteresis losses are a major loss component in HTS tapes [8]. Up to now, the evaluation
of losses based on a physical model has not been shown for linear actuators. Moreover, it is
unknown how the higher harmonics of the phase currents and magnetic flux density applied
to superconducting tapes affect the hysteresis losses. For the calculation of losses in supercon-
ducting tapes, and stacks of tapes, analytical [9] and numerical methods exist [10]. Numerical
methods can include the dependency of the critical current density on the magnetic flux density,
and the nonlinear magnetization of structures external to the superconducting tapes. Numeri-
cal models are able to include the hysteresis losses as well as the substrate losses in stacks of
superconducting coils [11].

The computation time for the hysteresis losses in a finite stack of superconducting tapes
can be reduced by representing the stack by a homogeneous bulk element, as is presented for
an analytical model in [12]. An equivalent homogenization method is also applied in finite
elements models based on the H-formulation of the magnetic field [13] to reduce the number
of mesh elements. The homogenization procedure exploits the fact that the current distribu-
tions in adjacent tapes are similar, and greatly reduces the required number of mesh elements.
This procedure can be applied in the design of superconducting actuators, to evaluate the
losses [14].

In this paper permanent magnetization is included in the H-formulation to be able to evaluate
the hysteresis losses in highly dynamical superconducting linear actuators with a permanent
magnet mover. First, the H-formulation is introduced, and a general model for the super-
conducting material is given. Then, the two actuator geometries and the required motion profile
are presented. Finally, losses as function of the peak phase current are given and for both actua-
tors, and compared to losses in motors with non-cryogenic copper coils.

2. Numerical method

Various formulations are suitable for modeling transient behaviour of superconducting tapes
[15]. For this work, the H-formulation of the magnetic fields was implemented in COMSOL
[16] using zeroth-order edge elements [13]. A particular advantage of this combination of for-
mulation and element type is that the current density derived from the solution is homogeneous
within each mesh element. This property simplifies the implementation of a homogeneous bulk
model for stacks of superconducting tapes. The H-formulation is obtained by inserting the con-
stitutive relation

E=plJ, (1

where E, p and J are the electric field strength, resistivity, and current density respectively, in
the Maxwell-Faraday equation, which results in
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The magnetic flux density B, magnetic field strength H, initial magnetization M, relative
permeability y,, and permeability of free space y, are coupled by the constitutive relation

B = pop, H+ pgM. 3)

Assuming u, = i, (|H|), the right hand side of (2) is expanded as
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For a 2D model which is continuous in the z-direction, the expanded form of (2) is imple-
mented in COMSOL as
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3. Modeling of superconducting material

The superconducting coils in the modeled actuators consist of YBCO tape. The resistivity of
superconducting material is described by the macroscopic power law model

n-1

E.
Je

J

7. (6)

p:

The threshold voltage, E,, indicates the point of onset of normal conductivity, and the n-
value determines the exponent of the £ — J curve. The critical current density, J_, is in general
dependent on the magnetic flux density perpendicular and parallel to the superconducting tape.
This effect is described by the elliptic model

J

— c0

Rl )

B,

which is an extension of the Kim model [17]. The parameters J,, k, B,, and o have been ob-
tained by a least square error fit of the elliptic model to Superpower [18] measurement data. The
values of all parameters of the modeled superconducting tape are given in Table 1.

It should be noted that these parameters can all vary with the operating temperature. The
obtained parameter values are similar to those found in the literature [19] [20].
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Table 1. Parameters of the superconducting tape stack

Parameter name Symbol Value
Spacing between HTS tapes 0.293 mm
Half-width HTS tape 2 mm
Thickness HTS layer 1 um
Number of turns per coil 120
Temperature 40 K
Critical current density Jo 1.49¢11 A/m?
Anisotropy factor k 0.0786
Field sensitivity parameter B, 0.3365T
Field dependency parameter o 0.7
n-value n 25
Threshold voltage E. 1 uV/m

In this study, only the losses in the superconducting layer are considered. The instantancous
power loss P, in the volume of the superconducting tapes, is calculated as

P= ijE'JdV, (8)

where V. is the volume of the superconducting material. In the superconducting actuator model,
the stacks of tapes consisting of 120 layers are modeled by 10 homogeneous bulk regions [13].

4. Superconducting motor model

The geometries of the two modeled moving-magnet linear motors with superconducting sta-
tor coils, geometry A and B, are shown in Figure 1, and the geometric parameters of the actua-
tors are given in Table 2.

The figure shows the lower half of one periodic segment of the total actuators. The actu-
tors consists of a soft magnetic back-iron, superconducting stator coils, and a permanent mag-
net mover. A periodical boundary is applied at x = 0 and x = 4¢,, while a Dirichlet boundary
condition is applied at y = 0. It is assumed that the wall thickness of the cryostat d,,. is 10 mm.
The soft magnetic core, having a saturation flux density of 2.2 T, both reduces the magnetic
flux density in the superconducting coils, and increases the magnetic flux density in the air
gap, for equal coil current. The teeth of the stator are partially closed to shield the supercon-
ucting coils from changes in the magnetic flux density resulting from movement of the per-
anent magnet translator.

Gometries A and B have different placement of the cryostat around the superconducting
coils. In geometry A, individual coils are enclosed in a cryostat, through which the teeth of the
core protrude. As a result, the air gap between the stator teeth and the permanent magnets is
kept small. A disadvantage of this geometry is the complexity of the cryostat. In geometry B,
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the full stator is enclosed by the cryostat. In this case, the air gap depends on the thickness of
the cryostat, and is significantly larger than that of geometry A. The cryostat of geometry B,
however, is less complex.

Tp

(a)

(b)

|
T
|
ol Periodic boundary condition %

Te

Fig. 1. Geometry of one periodic section of the superconducting actuators with moving magnet
translator and superconducting stator coils: (a) geometry A: cryostat around individual coils,
(b) geometry B: cryostat around full stator

Table 2. Parameters of the superconducting tape stack

Parameter name Symbol Value
Actuator depth 200 mm
Magnetic pole pitch 7, 100 mm
Magnet height h,, 20 mm
Magnet width w,, 40 mm
Remanence permanent magnets B, 13T
Air gap height ey 1 mm
Tooth height geometry A h, 34 mm
Tooth height geometry B h, 24 mm
Tooth closure height Retose 10 mm
Height of cryostat d, 10 mm
Height of superconductor 4 mm
Height of back-iron hy; 15 mm
Tooth width w, 30 mm
Coil pitch T, (3/4)z,

The motor performance is determined for a typical fourth order motion profile of the appli-
cation, shown in Figure 2.
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Fig. 2. Fourth order motion profile of the translator

Magnetization of the permanent magnets is included in the finite element models by impos-
ing the time derivative of the magnetization, given by (5), in the region of the permanent mag-
nets. This allows modelling the permanent magnetization and the movement of the permanent
magnets without re-meshing the finite element model. The region of the permanent magnet is
between y = 0 and y = — h,,/2. The magnetization is assumed constant in the y-direction. Only
the time derivative of the initial magnetization M, is included in the H-formulation. The mag-
netization of an individual magnet M, having width W, and center position x, as function of the
x-coordinate and time ¢, is described by

M, = i—e:%(tanh(s(x—xc (t)+%jj_tanh(s(x_xc (t)—%j]jey, ©

where s determines the length of the transition region from zero magnetization outside the mag-
net to the magnetization inside the magnet.
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Fig. 3. Magnetization of the magnet region, as function of time and x-coordinate
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The magnetization of the total magnet array is obtained by a linear combination of (9) with
magnets with different center positions and polarities. Since only the time derivative of the
magnetization is included, stationary magnets cannot be directly modeled with the given formu-
lation. Therefore, the magnetization of stationary permanent magnets is included in the model
by increasing the amplitude of magnetization from zero to the desired value over an interval of
time. The y-component of the analytically calculated magnetization of the permanent magnet
mover is shown in Figure 3. The time derivative of the magnetization function shown there is
included as a source term in the finite element model.

The superconducting coils carry a commutated current, which is dependent on the required
acceleration, phase angle, phase, and peak current /,,. The phase currents, for the given motion
profile, for a peak current of 40 A, are shown in Figure 4.

phase current (A)

0 002 0.04 006 0.08 0.1 0.12
time (s)

Fig. 4. Superconducting coil phase currents

The losses are calculated for a range of peak currents in the superconducting coils. The zero-
field critical current, /,, of one layer of the modeled superconducting tape is equal to 598 A. The
peak current density in the superconducting coils is set to a fraction of the single tape field-free
critical current density. The motion profile is equal for each calculation, while higher propulsion
force is generated for a higher value of peak current. At a higher propulsion force per section,
less sections are required for the full actuator.

5. Validation of modelling method

The proposed method to include permanent magnetization in the H-formulation is validated
for the magnetic structure of geometry A. For the validation of the permanent magnet modeling,
the superconducting tape regions are modeled as air. The magnetic flux density in the center of
the gap between the permanent magnets and the iron core, after initialization of the permanent
magnets, is calculated by the transient calculation in the H-formulation. The calculated flux
density is compared to a magnetostatic calculation of the model in Flux2D [21], which uses the
magnetic vector potential formulation. Both models include the nonlinear magnetization of the
soft magnetic material. Results of both models are shown in Figure 5.

Some discrepancies are visible where peaks occur in the magnetic flux density, especially in
the x-direction. These are mainly caused by the finer mesh that is applied in the Flux2D model.
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In general, the modeling method of the permanent magnetization in the H-formulation shows
good agreement with the results of Flux2D.

— Flux2D
—~ — — COMSOL

»

—

magnetic flux density (T)
S

0 0.1 0.2 0.3 0.4

magnetic flux density (T)

0 0.1 0.2 0.3 0.4
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Fig. 5. Comparison of calculated air gap magnetic flux density using transient magnetic simulation with
H-formulation in COMSOL and static magnetic simulation in Flux2D. Top: x-component of the air gap
magnetic flux density. Bottom: y-component of the air gap magnetic flux density

6. Analysis of results
The nonlinear resistivity of the superconducting tapes leads to an inhomogeneous current
distribution in the coils. The current density normalized to the critical current density, in the two
coil sides situated in the left slot of geometry A, for a peak coil current of 0.45 I, at £ = 0.025

seconds is shown in Figure 6.

15

1.5

Fig. 6. Current distribution normalized to the critical current density in the coil halves situated in the left
slot of geometry A, for peak coil currents of 0.45 1, at ¢ = 0.025 seconds

The ten regions which are used per coil side for the homogenization procedure are vis-
ible. The variation of the current density over the coil sides in the horizontal direction is low,
which justifies the discretization of 120 layers of tape in 10 regions. This figure shows that the
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current density is close to zero in the central part of the superconducting coils, and that at this
time instant current is flowing both into as well as out of the plane. Since the power law model
is implemented rather than the critical state model, a current higher than the critical current is
flowing in some parts of the tape.

The losses resulting from the movement of the permanent magnets and coil currents in the
periodic model of both geometry A and B, as function of time and peak current, are shown in
Figure 7.
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Fig. 7. Losses per periodic section as function of time for peak coil currents
of0.1/,,0.27,,and 0.3 /,, for geometries A and B

From this figure it can be concluded that the highly-dynamic motion profile of the super-
conducting linear actuator does not result in excessive losses for both geometries. Losses occur
mainly when a transport current is present in the superconducting coils. Peaks of the losses
occur at transients of the superconducting coil transport current. After decrease of the trans-
port current to zero, losses in the superconducting tapes still occur due to movement of the
permanent magnets. These losses decrease over time. Currents in the superconducting coils are
symmetric around ¢ = 0.065, while losses are not, due to the hysteretic behaviour of the super-
conducting material.

The losses in geometry B are lower than those in geometry A at time intervals where the
transport current in the superconducting coils is zero, since at these time instants the losses
mainly result from movement of the permanent magnets which are at a larger distance from the
coils in geometry B than in geometry A. However, averaged over time the losses in geometry B
are 18%, 25%, and 16% higher than in geometry A, for peak coil currents 0of 0.1 7,,0.2 7, and 0.3
1. respectively. This can be explained by the closer proximity of the iron core to the coils in ge-
ometry B compared to geometry A. The closer proximity results in an increase of the magnetic
flux density in the superconducting coils, which reduces the critical current density, resulting in
higher losses at equal transport currents.

The force as function of time generated by geometry A and B, for peak currents of 0.1 /., 0.2
1., and 0.3 /_ are shown in Figure 8.
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The force generated by geometry B is significantly lower than the force generated by geo-
metry A, which is a result of the larger air gap in geometry B. At peak currents of 0.1 /., geo-
metry B generates a peak force 50% higher than geometry A, while at peak currents of 30% of
the critical current, geometry B generates a 38% higher force. Both the force ripple resulting
from the coil currents, as the cogging force are lower in geometry B than in geometry A.
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Fig. 8. Force as function of time, generated by geometries A and B at peak coil currents
of0.17,0217,and 0.3 I,

To compare the superconducting actuator with geometry A to a conventional actuator, losses
are calculated for an equivalent actuator, in which the superconducting coils are replaced by
copper coils which fill the full slot area. Losses in the superconducting actuator are compensated
by a cryocooler, which achieve approximately 2.5% efficiency for a cold side of 40 K. There-
fore, copper losses are compared to the superconductor losses, reflected to room temperature

by multiplying them by a factor 40. Time averaged losses as function of peak current for both
actuators are shown in Figure 9.
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Fig. 9. Time averaged reflected losses of the superconducting actuator with geometry A and losses of the
copper coil actuator, as function of the ratio of peak current to zero-field critical current
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The figure shows that losses in both conventional and superconducting actuators increase
approximately quadratically with the peak current for lower values of the peak phase current. As
the peak current reaches the critical current of the coil, losses of the superconducting actuator
increase sharply and exceed those of the copper coil actuator. It should be noted that the pole
pitch of the superconducting actuator is limited by the minimum bending radius of the supercon-
ducting tape, and is not optimal considering force density. For copper coils, this limitation does
not exist, such that a higher force can be achieved at a lower dissipation. The force density of
superconducting linear actuators is limited by the critical current density and the AC losses that
can be cooled by the cryocooler. A rated force of the superconducting actuator can be defined
as the rms force at which the AC losses equal the available cooling power. The superconducting
actuator cannot be operated at currents above the critical current, while the copper coil actuator
can shortly operate at very high currents. Not all loss components occurring in superconducting
actuators are included. For example, heat loss through the cryostat, and losses in the current
leads can contribute significantly to the total losses.

In the application considered in this paper, a large fraction of the slot area is required for
the cryostat. The average current density in the slot is therefore not much higher than can
be achieved with conventional copper coils. This disadvantage is smaller for larger scale
superconducting machines, such as those used in wind mills, since a lower fraction of the
volume of the machine is occupied by the cryostat. In (quasi)DC applications, losses in the
superconducting coils are much lower, which allows for a lower operating temperature. In
these applications, the average current in the slot can be higher than can be achieved with
copper coils.

The evaluation time of the finite element model increases with the value of the peak current
density, and varies between 6 and 19 hours on a desktop PC. It should be decreased to be suit-
able for the design of superconducting linear actuators.

7. Conclusions

This paper presented a numerical method for the calculation of hysteresis losses in the super-
conducting coils of a linear actuator with a permanent magnet mover. The generated force and
losses of two actuator concepts were compared. It was found that the actuator in which each coil
is enclosed in a separate cryostat obtains lower losses, as well as a higher force, than the actua-
tor in which the stator is fully enclosed in the cryostat. However, the force ripples and cogging
force are lowest in the actuator in which the full stator is enclosed in the cryostat. Results show
that the average losses resulting from non-sinusoidal commutation of the superconducting coils
increases approximately quadratically with peak current at first, then sharply increases above
a certain value of peak current. Therefore, over-current operation of superconducting actuators
will result in excessive losses, which is a disadvantage compared to non-cryogenic actuators
with copper coils. The highly-dynamic motion profile of the superconducting linear actuator
does not result in excessive losses for both considered actuator concepts.
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