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ABSTRACT

In this paper, we propose a solution which enhances the performance of the inductor in high-power superconducting
synchronous machines based on the flux concentration. The work is done by keeping the same topology and using a high
temperature superconducting shielding pellet located between the two coils of the inductor. This pellet permits to recover the
magnetic field which vanishes in the medium region due to the opposite direction of the coils. We did a 3D magnetostatic field
analysis using the control volume method with unstructured grid. This analysis showed that the suggested solution allowed

obtaining a maximum efficiency of about 8% in the flux density.

INDEX TERMS: Control volume method, Flux concentration, HTS shielding pellet, Superconducting synchronous machines

1 INTRODUCTION

High-temperature superconductors (HTS) have created
opportunities for a great leap forward in the technology of
large electrical machines. HTS motors and generators will
operate as conventional machines and became smaller,
lighter, more efficient, and less expensive to manufacture
[1]. Most of classical superconducting motors have been
designed for marine propulsion and wind power system,
with a classical geometry using superconducting inductor
with the same cryogenic conditions [2]. Complex
topologies have been suggested for superconducting low-
power motors based on axial high flux density and complex
design as for general aviation aircraft [3].

High-power HTS synchronous machines based on the flux
concentration have been developed and manufactured.
These machines have shown successful results on the load
test [4]. In fact, the previous superconducting inductor has
been optimized and its new geometry provides higher
performance when using NbTi wires [5]. In the same way, a
modification of HTS shield length should decrease the
magnetic flux concentration.

To increase the power in these types of machines, several
ways are proposed. The first obvious solution suggests new
superconducting wires with higher current density
possibility, the second one consists in a biggest inductor
radius dimension and the third alternative suggests
exploring a long inductor length [6].

In this work, we propose an ingenious solution by using a
HTS shielding pellet between the two coils of the inductor.
The introduction of this pellet enhances the performance of

the inductor while keeping the same geometry as in the
previous topology. The inserting of the pellet has the goal
to recover the magnetic field that vanishes in the medium
region due to the opposite direction of coils in previous
geometry. To model the magnetostatic field, we adopted in
this work a three dimensional (3D) magnetostatic field
analysis using the control volume method (CVM) with
unstructured grid.

2 PROPOSED DESIGN

The previous structure of the superconducting inductor is
based on the flux concentration (Fig. 1). The inductor uses
both low-temperature superconductors (LTS) NbTi wires
and High temperature superconductors (HTS) YBCO bulk.
The LTS NbTi wires create a high magnetic field through
two coaxial coils fed by opposite currents. Four YBCO
bulk plates are located between the two coils to screen the
normal component of the magnetic field. They are used as
magnetic shields, shape the flux lines and then provide a
spatial magnetic field variation.

The inductor configuration allows a good flux
concentration between the four YBCO shielding bulk plates
and increases the magnetic flux density in the air gap
providing a high power density and a high electromagnetic
torque. The inductor is kept stationary in order to simplify
the cryogenics and minimize cold losses [5].

To increase moreover the power density of the
superconducting motor by increasing magnetic flux density
several ways are possible. One solution suggests new
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superconducting wires with higher current density
possibility but this solution is limited by a maximum
current density. Second one consists in a biggest inductor
radius dimension, but a limit appears with the
superconducting wire length. Third one is to explore a long
inductor length but this modification of HTS shield length
should decrease the magnetic flux concentration [6].
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Figure 1: Topology of the previous inductor [4].

In fact, the previous superconducting inductor has been
optimized and this geometry provides the best performance
with NbTi wires. Moreover, we can suggest a new inductor
topology with the same LTS solenoids and HTS bulks to
increase the power while keeping the same geometry. The
ingenious solution is done by using a HTS YBCO shielding
pellet located between the two coils (Fig. 2).The pellet has a
cylindrical form with optimized dimensions.
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Figure 2: Topology of the proposed inductor.

This pellet allows recovering the magnetic field which
vanishes in the medium region due to the opposite direction
of coils (Fig. 3). A field calculation shows the feasibility of
this structure. The shielding pellet deflects the field lines

lost and then increases the radial magnetic flux density in
the air-gap of the machine.

EI:Eu]

Figure 3: Pellet effect on increasing magnetic flux density.

3 MAGNETIC MODEL

To calculate the magnetic flux density in the design, we
calculate the magnetic scalar potential V from using the
Coulomb model of coils [5]. The calculation of the gradient
of the potential gives the magnetic field. Superconducting
material is assumed to be perfectly diamagnetic and
therefore Neumann conditions are considered at the
boundaries. Figure 4 shows the inductor dimensions.

Figure 4: Inductor dimensions: Ri = 23 mm, Re = 33 mm, d = 25
mm, L =45 mm.

The equations system is as follow:

AV =0

v s

. =0 on the surface of sup raconductor
z

V =0 on theboundary

The Coulomb model of coils as presented in [4] is:

Gm]::uOJs(Re_Ri) lf‘ 0<r<Ri
GmZZIUOJs(Re_r) lf‘ Ri<r<Re
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In order to show the effectiveness of the pellet on
increasing the flux density, we have developed a 3D
numerical code based on the control volume method CVM
dedicated to modeling electromagnetic phenomena in
devices with complex geometries.

4 CALCULATION METHOD

The CVM can be seen as a special version of the weighted
residuals method. It is one of the numerical methods widely
used in computation of heat and fluid dynamic problems
[7]. Furthermore, this method has been applied successfully
to a variety of electromagnetic problems [8-11]. It uses a
support space mesh based on an unstructured grid (Fig. 5
left) and it consists in dividing the studied domain into a
number of 3D control volumes scheme surrounding each
node (Fig. 5 right).

The scheme of the 3D control volume Dp is displayed in
(Fig. 5 right) and is limited by several facets related to

neighboring nodes of the principal node P.

Figure 5: 2D support mesh (left) and 3D control volume scheme
(right).

The Laplacian in (1) is integrated over each 3D control
volume D, as follow:

j j ij V.(VV)dr =0 3)

By using the theorem of Ostrogradski, the divergence
volume integrals of (3) are transformed into surface

integrals:

1] J; v.(vmdr:jj'zslwwdszm + | wras “

The right hand side terms in Eq. (4) represents the flux of
the magnetic potential V through the lateral facets and the
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top and bottom facets respectively.

5 ADOPTED APPROXIMATION

To calculate top and bottom terms, a first order

approximation is used.

As the flux in the top facet is:

”VVdsT =MAS, (5)

t

To calculate the flux in the lateral facets, the magnetic
scalar potential V is expressed in referential (R”) defined by
(&) coordinates following the same procedure as in [11].
Using this transformation, we can express the derivative of
the magnetic scalar potential in the referential (R).

So, the flux in the lateral facets can be expressed as:

J.J.zdSIaiVVdSlai = Zlginl’]gl ApREi VREi —ap Vp (6)
Where : Arp = AXpg; T g
ap :ZR:'?,§ aREi
The coefficients  ap describe the physical and

geometrical properties of the control volume. An algebraic
system of equations is constructed with the appropriate
boundary conditions of the computational domain as in (1).
The solution is obtained by solving iteratively the algebraic
system using the Gauss Seidel method when convergence is
reached.

6 RESULTS

The performance of the new proposed topology of the
inductor is conducted by varying the dimensions of the
cylindrical pellet. The three-dimensional analysis based on
the control volume method allows a complete magnetic flux
density map on each point of the mesh.

To validate the numerical model, we used the experimental
data of the previous topology of the inductor (without
pellet) giving the magnetic flux density versus the angular
position numbered from S1 to S10 [5].

Figure 6 presents a comparison between the measured flux
densities and the calculated ones for inductor’s radius 33
mm and coils current 260A. A good agreement is obtained
for the angular positions S1, S5, S7 and S9. The difference
between the calculated and measured [5] flux density for
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the angular positions S2, S3, S4, S6, S8 and S10 is due that
the measured positions which are lower than the calculated
radius 33 mm.
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Figure 6: Comparison of measured [5] and calculated magnetic
flux densities of the previous topology inductor (for
radius equal to 33 mm) (I=260A).

Figure 7 shows the distribution of the magnetic scalar
potential and the vector magnetic flux density in the
medium plane of the inductor in the case of the inductor
without pellet.
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Figure 7: Distribution of the magnetic scalar potential (left) and
the magnetic flux density (right) in the medium plane
of the inductor without pellet.

In order to optimize the shielding pellet dimensions to have
In order to optimize the shielding pellet dimensions to have
a maximum flux density in the air-gap of the machine and
between each pair of the shielding bulks, we introduced
several dimensions of the pellet.

There are two mainly parameters to optimize the shielding
pellet: the radius R and the thickness E. We define as
example “RSE13” the pellet sample of radius R equal to 5
mm and thickness E equal to 13 mm.

We evaluated for several pellet samples, the magnetic flux
density in the contour line of inductor’s radius forming the
air-gap of the machine and equal to 33 mm. Data are
presented in table 1.

Table 1 shows the magnetic flux density efficiency (relative
error) of the topology with pellet compared to the topology

without pellet for various samples in the angular position
SS.

Table I: Magnetic flux density efficiency using HTS pellet

E/R Smm 10mm 13mm 16mm 19mm
Smm 3.92% 4.59 % 4.82 % 8.12% -2.46%
10mm 3.65 % 4.54 % 4.80 % 7.58 % -3.53%

Calculations show that for the two thicknesses, the
magnetic flux density increases with the pellet’s radius and
maximums are reached for radius equal to 16 mm. At this
radius, the maximum efficiency is of about 8 % for the
optimized sample ESR16. When the pellet’s radius exceeds
the 16 mm, the pellet approaches the air-gap of 33 mm and
it deviates moreover the magnetic flux density from the
middle plane. In this case the magnetic flux density
increases faraway a middle plane and the HTS pellet has a
negative effect.

Figure 8 shows the magnetic flux density for the optimized
sample compared to the case without pellet. Figure 9 and
10, show respectively the magnetic scalar potential and the
magnetic flux density along a shielding bulk plate at angle 6
equal to zero degree (Fig. 4).
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Figure 8: Flux density in the contour line of the air-gap of radius
equal to 33 mm for optimized sample E5R16
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Figure 9: Magnetic scalar potential along a shielding bulk Plate
for optimized sample E5R16 and for without pellet (6
equal to zero degree).
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Figure 10: Magnetic flux density along a shielding bulk Plate for
optimized sample E5R16 and for without pellet (6
equal to zero degree).

Figure 11 and 12, show respectively the magnetic scalar
potential and the magnetic flux density between two
shielding bulk plates at angle 6 equal to 45 degree. Figure
12 shows that in the presence of the pellet (ESR16), the
value of the magnetic flux density of the inductor increases
near the air-gap S5.
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Figure 11: Magnetic scalar potential between tow shielding bulk
Plates for optimized sample E5R16 and for without
pellet (6 equal to 45 degree).
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Figure 12: Magnetic flux density between tow shielding bulk
Plates for optimized sample E5R16 and for without
pellet (6 equal to 45 degree).

161

7 CONCLUSION

In this paper, we proposed a solution which enhances the
performance of the superconducting inductor in
superconducting synchronous machine based on flux
concentration by using HTS shielding pellet. The numerical
calculation is performed by the control volume method and
the comparison of the numerical code results with
experiments verifies the validity of the numerical model for
the previous inductor topology. The new configuration of
the inductor permits to obtain a maximum efficiency of the
magnetic flux density in the air-gap of about 8 % for pellet
sample of radius 16 mm and thickness 5 mm. When the
pellet’s radius comes near the air-gap, the rise of the
magnetic flux density is not significant and the HTS pellet
has a negative effect.
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